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Preface

The inspiration for this book evolved over the past decade, 
as we witnessed the dramatic growth in the fi eld of Neuro-
Oncology and realized the important contributions that 
Neuroimaging was making to this maturing discipline.  
Remarkable progress has taken place in Neuro-Oncology 
because of the increased utilization of advanced imaging 
technologies in clinical practice.  With the introduction of 
computed tomography (CT), magnetic resonance imag-
ing (MRI), and positron emission tomography (PET), ana-
tomical, functional, and metabolic imaging have improved 
the visualization and localization of tumors, and provided 
target defi nition for various therapeutic modalities.  The 
further refi nements in MRI and CT technology, and the 
addition of newer imaging methods, such as MR spectros-
copy, functional MRI, and diffusion MRI have allowed brain 
tumor patients to be diagnosed much earlier in the course 
of their illness and to be followed more carefully during the 
rigors of treatment.  We felt there was a growing need for 
a single source, comprehensive, reference handbook that 
would encompass the most up to date clinical and techni-
cal information regarding the application of Neuroimaging 
techniques to brain tumor and Neuro-Oncology patients.  
With the timely publication of this book, an important void 
in the literature has now been fi lled. 

This book should have broad appeal to anyone inter-
ested in the fi elds of Neuro-Oncology and Neuroimaging, 
and especially to those who are involved in the care of 
patients with brain tumors.  It will satisfy clinicians that 
require in-depth overviews of various Neuro-Oncology top-
ics, along with “cutting edge” information regarding how to 
apply Neuroimaging techniques to those areas of interest.  
In addition, the book can serve as a resource of background 
information to Neuroimaging researchers and basic scien-
tists with an interest in brain tumors and Neuro-Oncology.  
We sincerely hope that the world-class group of authors 
assembled herein can assist you in providing the best onco-
logic care for your patients. 

We are very thankful to the Publisher for providing the 
opportunity to introduce this extensive body of clinically 
relevant information to a larger professional audience.  We 
would also like to thank all of our colleagues who contrib-
uted to this book and provided insight into the use of imag-
ing methods in Neuro-Oncology. 

Herbert B. Newton, M.D., FAAN
Columbus, OH  2007

Ferenc A. Jolesz, M.D., Ph.D.
Boston, MA  2007
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INTRODUCTION
Brain tumors remain a signifi cant health problem in 

the USA and worldwide. Overall, they comprise some of 
the most malignant tumors known to affect human beings 
and are generally refractory to all modalities of treatment. 
It is estimated that between 30 000 and 35 000 new cases of 
primary brain tumors (PBT) will be diagnosed each year in 
the USA (1–2% of newly diagnosed cancers overall) [1–6]. 
Metastatic brain tumors (MBT) are even more common 
and affect between 150 000 and 170 000 new patients each 
year in the USA [7–11]. Although signifi cant advances have 
been made in our understanding of the molecular biology 
of brain tumors, further research is needed to improve our 
knowledge of the etiology and natural history of this disease.

EPIDEMIOLOGY OF PRIMARY
BRAIN TUMORS

Most studies suggest that approximately 14 per 100 000 
people in the USA will be diagnosed with a PBT each year 
[2–6]. Among this cohort with newly diagnosed tumors, 6–8 
per 100 000 will have a high-grade neoplasm. Contemporary 
epidemiological studies suggest an increasing incidence 
rate for the development of PBT in children less than 
14 years of age and in patients 70 years or older [12]. For 
people in the 15- to 44-year-old age group the overall inci-
dence rates have remained fairly stable in recent years. 
The cause of the increased incidence of PBT in some age 
groups remains unclear, but may be due to improvements 
in diagnostic neuroimaging, such as magnetic resonance 
imaging (MRI), greater availability of specially qualifi ed 
neurosurgeons and neuropathologists, improved access to 
medical care for children and elderly patients and more 
aggressive approaches to health care for elderly patients 
[5,12]. In other words, the increase in PBT incidence may be 
more apparent than real due to ascertainment bias.

The prognosis and survival of patients with PBT 
remains poor [1–6]. Although uncommon neoplasms, they 
rank among the top 10 causes of cancer-related deaths 
in the USA and account for a disproportionate 2.4% of all 

yearly cancer-related deaths [13]. The median survival for a 
patient with glioblastoma multiforme (GBM) is approxi-
mately 12–14 months, a fi gure which has not improved 
substantially over the past 30 years. For patients with a 
low-grade astrocytoma or oligodendroglioma, the median 
survival is still signifi cantly curtailed and is about 6–10 
years. For PBT patients in the USA as a whole, across all 
age groups and tumor types, the 5-year survival rate is 20% 
[3]. If a patient with a PBT survives for an initial 2 years, the 
probability of surviving another 3 years is 76.2%. In gen-
eral, for any given tumor type, survival is better for younger 
patients than for older patients. The only exception to this 
generalization is for children with medulloblastoma and 
embryonal tumors, in which patients under 3 years of age 
have poorer survival rates than children between 3 and 14 
years of age [14]. The 5-year survival rate for all children less 
than 14 years of age with a malignant PBT is 72%.

The median age at diagnosis for PBT is between 54 and 
58 years [1–6]. Among different histological varieties of PBT, 
there is signifi cant variability in the age of onset. A small 
secondary peak is also present in the pediatric age group, 
in children between the ages of 4 and 9. Overall, PBT are 
more common in males than females, with the exception 
of meningiomas, which are almost twice as common in 
females. Tumors of the sellar region, and of the cranial and 
spinal nerves, are almost equally represented among males 
and females. In the USA, gliomas are more commonly diag-
nosed in whites than blacks, while the incidence of menin-
giomas is relatively equal between the two groups.

Numerous epidemiological studies have been per-
formed in an attempt to defi ne risk factors involved in the 
development of brain tumors (Table 1.1) [2–6]. The vast 
majority of these potential risk factors have not been asso-
ciated with any signifi cant predisposition to brain tumors. 
One risk factor that has proven to be important is the pres-
ence of a hereditary syndrome with a genetic predisposi-
tion for developing tumors, some of which can affect the 
nervous system [4,5,15]. Several hereditary syndromes are 
associated with PBT, including tuberous sclerosis, neuro-
fi bromatosis types 1 and 2, nevoid basal cell carcinoma 
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syndrome, Li-Fraumeni syndrome and Turcot’s syndrome. 
However, it is estimated that hereditary genetic predis-
position may be involved in only 2–8% of all cases of PBT. 
Familial aggregation of brain tumors has also been studied, 
with confl icting results [5,15]. The relative risk for develop-
ing a tumor among family members of a patient with a PBT 
is quite variable, ranging from 1 to 10. One study that per-
formed a segregation analysis of families of more than 600 
adult glioma patients showed that a polygenic model most 
accurately explained the inheritance pattern [16]. A similar 
analysis of 2141 fi rst-degree relatives of 297 glioma families 
did not reject a multifactorial model, but concluded that 
an autosomal recessive model fi tted the inheritance pat-
tern more accurately [17]. Critics of these studies suggest 
that the common exposure of a family to a similar pattern 
of environmental agents could lead to a similar cluster-
ing of tumors. Other investigators have focused on genetic 
polymorphisms that might infl uence genetic and environ-
mental factors to increase the risk for a brain tumor [4,5]. 
Alterations in genes involved in oxidative metabolism, 
detoxifi cation of carcinogens, DNA stability and repair and 
immune responses might confer a genetic predisposition to 
tumors. For example, Elexpuru-Camiruaga and colleagues 
demonstrated that cytochrome P-4502D6 and glutathione 
transferase theta were associated with an increased risk for 

brain tumors [18]. Other studies have not supported these 
results, but have found an increased risk for rapid N-acetyl-
transferase acetylation and intermediate acetylation [19]. In 
general, further studies with larger cohorts of patients will 
be necessary to determine if genetic polymorphisms of key 
metabolic enzyme systems play a signifi cant role in the risk 
for developing a brain tumor.

Cranial exposure to therapeutic ionizing radiation is a 
potent risk factor for subsequent development of a brain 
tumor and is known to occur after a wide range of expo-
sures [1–6]. Application of low doses of irradiation (1000–
2000 cGy), such as were prescribed in the past for children 
with tinea capitis or skin hemangiomas, have been associ-
ated with relative risks of 18 for nerve sheath tumors, 10 for 
meningiomas and 3 for gliomas [5,20]. Gliomas and other 
PBTs are also known to occur after radiotherapy for dis-
eases such as leukemia, lymphoma and head and neck can-
cers [5,21,22]. In addition, alternative methods of radiation 
exposure, such as nuclear bomb blasts and employment 
at nuclear production facilities, have also been implicated 
as signifi cant risk factors for the development of brain 
tumors [23,24].

Many other risk factors have been evaluated for their 
potential role in the genesis of brain tumors [1–6]. The major-
ity of these factors have been proven to have little, if any, 
relationship to brain tumor development, or to have an 
indeterminate association due to a mixture of positive and 
negative studies. Factors in this category include the history 
of a prior primary systemic malignancy, head injury, prena-
tal or premorbid ingestion of various types of medications, 
exposure to viruses and other types of infection (except for 
the human immunodefi ciency virus, which is known to be 
associated with brain lymphoma), dietary history (i.e. inges-
tion of N-nitroso compounds, oxidants and antioxidants), 
alcohol ingestion, smoking tobacco, residential chemical 
exposures and proximity to electromagnetic fi elds. The 
relationship between industrial and occupational chemical 
exposures and brain tumors is very complex and remains 
unclear [2,4,5]. Workers are exposed to chemicals that are 
potentially carcinogenic or neurotoxic, or both, including 
lubricating oils, organic solvents, formaldehyde, acryloni-
trile, phenols and phenolic-based compounds, vinyl chlo-
ride and polycyclic aromatic hydrocarbons. Preclinical 
studies have proven the ability of vinyl chloride to induce 
brain tumors in rat models and some studies suggest an 
increased risk for chemical workers that handle this com-
pound [25]. However, more recent and extensive analyses 
suggest that the relationship between vinyl chloride expo-
sure and brain tumors remains inconclusive [26]. Similar 
inconclusive results for other chemicals are common in 
the epidemiology literature and demonstrate the diffi culty 
of proving an association between workplace exposures 
and an uncommon form of cancer. At this time, no defi ni-
tive associations have been proven between brain tumors 
and any specifi c chemicals found in the occupational or 
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T A B L E  1 - 1  Risk factors that have been investigated in 
epidemiological studies of primary brain tumors

Hereditary syndromes (proven): tuberous sclerosis, 
neurofi bromatosis types 1 and 2, nevoid basal cell carcinoma 
syndrome, Turcot’s syndrome and Li-Fraumeni syndrome

Family history of brain tumors

Constitutive polymorphisms: glutathione transferases, cytochrome 
P-450 2D6 and 1A1, N-acetyltransferase and other carcinogen 
metabolizing, DNA repair and immune function genes

History of prior cancer

Exposure to infectious agents

Allergies (possible reduced risk)

Head trauma

Drugs and medications

Dietary history: N-nitroso compounds, oxidants, antioxidants

Tobacco usage

Alcohol consumption

Ionizing radiation exposure (proven)

Occupational and industrial chemical exposures: pesticides, 
vinyl chloride, synthetic rubber manufacturing, petroleum refi ning 
and production, agricultural workers, lubricating oils, organic 
solvents, formaldehyde, acrylonitrile, phenols, polycyclic aromatic 
hydrocarbons

Cellular telephones

Power frequency electromagnetic fi eld exposure

Data adapted from references [2–6,14–26]



industrial setting, including those that are known to be def-
inite or putative carcinogens.

Several large studies have evaluated the possibility of a 
link between the use of handheld cellular telephones and 
brain cancer, as well as other tumors of the head and neck 
region. Researchers from Denmark performed a nationwide 
review of 420 095 cell phone users and determined that the 
overall incidence of cancer was not elevated (OR � 0.89) 
in comparison to controls including brain tumors, salivary 
gland tumors and leukemias [27]. Other studies focusing on 
the incidence of high-grade gliomas in cellular telephone 
users have not been able to substantiate an increased inci-
dence [28–30]. Several reports have focused on the use of 
cellular telephones and the incidence of acoustic schwan-
nomas [31,32]. Neither study was able to discern a rela-
tionship between the duration of use, lifetime cumulative 
hours of use, or frequency of use of a cellular telephone 
and the risk of developing an acoustic schwannoma. The 
only positive report to date was a population-based, case-
control study from Germany that evaluated 366 glioma, 381 
meningioma and 1494 control patients [33]. In this study, 
the overall risk for a brain tumor was not associated with 
the use of a cellular telephone. However, there was a small 
increased risk of glioma (OR � 2.20), but not meningioma 
(OR � 1.09), in patients that had used a cellular telephone 
for 10 years or more.

More recent molecular epidemiological studies in adult 
patients with high-grade glioma are beginning to show 
promise for further research efforts [34]. In a study of the 
association between human leukocyte antigens (HLA) and 
related polymorphisms (HLA-A, -B, -C, -DRB1) and the 
onset and prognosis of GBM, 155 GBM patients and 157 
controls were studied in the San Francisco area [35]. During 
multivariate logistical regression analysis, the HLA-B*13 and 
the HLA-B*07-Cw*07 haplotype were positively associated 
with the occurrence of GBM (P � 0.01, P � 0.001, respec-
tively). The Cw*01 variant had a negative association with 
the occurrence of GBM (P � 0.05). In addition, progression 
to death among GBM patients was slower in patients with 
HLA-A*32 (HR � 0.45, P � 0.01) and faster in those with 
HLA-B*55 (HR � 2.27, P � 0.01). In a study of polymor-
phisms of ERCC1 and ERCC2, genes that are important for 
DNA nucleotide excision repair, 450 adult glioma patients 
and 500 controls were analyzed [36]. Overall, the presence 
of ERCC1 and ERCC2 were not associated with an increased 
risk for GBM. However, among whites, glioma patients were 
signifi cantly more likely than controls to be homozygous 
for variants in ERCC1 C8092A and ERCC2 K751Q 
(OR � 3.2). In a similar study, 556 astrocytic tumors were 
analyzed for the expression of p53, epidermal growth factor 
receptor (EGFR), MDM2 and O6-methylguanine-DNA-
methyltransferase (MGMT) and then correlated with clini-
cal parameters and risk factors [37]. The data confi rmed the 
previously noted inverse relationship between p53 muta-
tion and MDM2 (P � 0.04) or EGFR (P � 0.004) amplifi cation. 

In addition, the presence of p53 mutations was more likely 
to occur in younger patients (P � 0.001). EGFR gene ampli-
fi cation was more likely to occur in older patients (mean 63 
years old amplifi ed versus mean 48 years old non-ampli-
fi ed; P � 0.005). p53 mutations were more likely to occur 
in GBM among non-white patients than white patients 
(P � 0.004). Patient carriers of the MGMT variant 84Phe 
allele were signifi cantly less likely to have tumors with p53 
overexpression (OR � 0.30) and somewhat less likely to 
have tumors with p53 mutations (OR � 0.47). The authors 
concluded that these molecular data demonstrated ethnic 
variation in the pathogenesis of glioma.

Of all the potential risk factors studied, the only one 
that might be associated with a protective effect for devel-
oping a brain tumor is the presence of an allergy [38]. 
The presence of any form of allergy was inversely associ-
ated with the development of a glioma (OR � 0.7), but not 
with meningiomas or acoustic neuromas. Similar inverse 
associations were noted for the presence of autoimmune 
diseases and the presence of both gliomas and meningi-
omas. The authors suggested that allergy-related immuno-
logical factors might play a protective role in the genesis 
of certain brain tumors. As a follow-up to this initial study, 
Schwartzbaum and colleagues performed a population-
based case-control evaluation of 111 GBM patients and 
422 controls, using germ line polymorphisms associated 
with asthma and infl ammation as biomarkers [39]. Self-
reported asthma and eczema were inversely related to the 
incidence of GBM (OR�0.64). In addition, IL-4RA Ser478Pro 
TC, CC and IL-4RA Gln551ArgAG, AA were positively asso-
ciated with GBM (OR�1.64), while IL-13-1,112CT, TT was 
negatively associated with GBM (OR � 0.56). The authors 
suggested that associations existed between IL-4RA, IL-13 
and GBM that were independent of their role in allergic 
conditions.

EPIDEMIOLOGY OF METASTATIC 
BRAIN TUMORS

Brain metastases (MBT) are the most common compli-
cation of systemic cancer, with estimated incidence rates 
of 8.3 to 11 cases per 100 000 population [7–11,40]. Hospital 
and autopsy-based studies estimate that these tumors 
develop in 20–40% of all adult cancer patients, which cor-
responds to approximately 150 000 to 170 000 new cases per 
year in the USA. More recent data using population-based 
estimates would suggest a lower incidence of MBT, in the 
range of 10% [41]. The presence of an MBT does not always 
correlate with clinical sequelae; it is estimated that only 
60–75% of patients with an MBT will become symptomatic. 
The frequency of MBT appears to be rising due to more suc-
cessful systemic treatment and longer patient survival, ear-
lier detection and implementation of therapy and improved 
imaging techniques. MBT most often arise from primary 
tumors of the lung (50–60%), breast (15–20%), melanoma 
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(5–10%) and gastrointestinal tract (4–6%) [7–11]. Empiric 
screening of patients with newly diagnosed non-small cell 
lung cancer identify MBT in 3–10% of cases [40]. However, 
MBT can develop from virtually any systemic malignancy, 
including primary tumors of the prostate, ovary and female 
reproductive system, kidney, esophagus, soft tissue sar-
coma, bladder and thyroid [42–51]. In addition, between 
10 and 15% of patients will develop MBT from an unknown 
primary [8,52]. Autopsy studies in adults would suggest that 
melanoma (20–45% of patients) has the most neurotropism 
of all primary tumors; however, small cell lung carcinoma, 
renal carcinoma, breast and testicular carcinoma also have 
a strong propensity for spread to the brain [8]. Tumors with 
a low degree of neurotropism include prostate, gastrointes-
tinal tract, ovarian and thyroid malignancies. In children 
and young adults, MBT arise most often from sarcomas 
(e.g. osteogenic, Ewing’s), germ cell tumors and neuroblas-
tomas [7–11,53]. In 65–75% of patients, two or more meta-
static tumors will develop simultaneously and be present 
at the time of cancer diagnosis. Single brain metastases 
are less common and are most often noted in patients with 
breast, colon and renal cell carcinoma. Patients with malig-
nant melanoma and lung carcinoma are more likely to have 
multiple metastatic lesions.

The prognosis for patients with MBT is quite poor and 
is dependent on the histological tumor type, number and 
size of the metastatic lesions, neurological status and degree 
of systemic involvement. Overall, the presence of an MBT is 
associated with high morbidity and mortality, with approxi-
mately one third of all patients dying from the brain tumor 
[10]. The natural history is such that, left untreated, patients 
with MBT will usually die of neurological deterioration 
within 4 weeks. The addition of steroids will typically extend 
survival to 8 weeks. External beam radiotherapy, the most 
common modality of treatment, can further extend survival 
to 12–20 weeks in many patients [7–11]. However, survival 
is also dependent on the type of primary malignancy, as 
shown in a recent report by Hall and colleagues [54]. In their 
study, the overall 2-year survival rate for patients with MBT 
was 8.1%, with a range from 1.7% in patients with small cell 
lung carcinoma, up to 23.9% for those with ovarian can-
cer. Several studies have assessed how various prognostic 
factors relate to MBT patients at the time of diagnosis. A 
recent recursive partitioning analysis (RPA) of three RTOG 
trials evaluated a wide range of prognostic factors and their 
impact on patient survival [55]. The most important favor-
able factors were younger age (younger versus older than 
65 years; P � 0.0001), higher Karnofsky Performance Status 
(KPS) score (greater or less than 70; P � 0.0001) and limited 
extent of systemic disease (controlled versus widespread 
disease; P � 0.0001). Using these criteria, patients could be 
grouped into three distinct classes. Class 1 included patients 
who were less than 65 years of age, had KPS scores greater 
than 70 and had well controlled systemic disease; class 3 
consisted of all patients with KPS scores less than 70; while 

class 2 included all other patients who did not fi t into class 
1 or class 3. The median overall survival varied signifi cantly 
between groups: 28.4 weeks for patients in class 1; 16.8 
weeks for those in class 2; and 9.2 weeks for class 3 patients. 
In addition, by univariate analysis, patients with multiple 
MBT had a signifi cantly reduced survival compared to that 
of those with solitary lesions (P � 0.021).

In a similar study by Nussbaum and colleagues, the 
number of metastatic lesions present at diagnosis was found 
to correlate with overall survival [56]. They noted a signifi -
cant difference (P � 0.0001) in median survival between 
patients with solitary brain metastases and those with 
multifocal disease: 5 months versus 3 months, respectively.

The molecular events that lead to the metastatic phe-
notype in a given primary tumor, with subsequent meta-
stases to systemic organs and to the brain, remain unclear. 
Over the past few decades, the predominant theory pos-
tulated that somatic mutations in rare cells of the primary 
tumor (i.e. less than one in ten million) would lead to an 
acquired increase in metastatic capacity, with the ability 
to migrate through tissues, survive in blood and lymphatic 
fl uid, invade distant organs and establish metastatic nod-
ules [57]. Although this theory was supported somewhat by 
animal models, there were no data to verify this process in 
human tumors. More recent evidence, based on expression 
micro-array analyses of primary and metastatic tumors, 
supports the concept that metastatic potential is related to 
the intrinsic molecular biological state of the primary tumor 
as a whole, rather than to the emergence of a few rare cells 
[58,59]. The metastatic gene-expression signature consisted 
of a subset of eight genes that were upregulated (e.g. SNRPF, 
EIF4EL3, PTTG1) and a subset of nine genes that were 
downregulated (e.g. MHC class II DP-β1, RUNX1) in the pri-
mary cancer [58]. None of the genes were individual mark-
ers of the metastatic phenotype; they were only predictive 
when analyzed as a whole group. Patients with primary 
cancers that expressed the metastatic phenotypic signature 
had signifi cantly shorter survival times in comparison to 
patients whose tumors did not express it (P�0.009).

In a related study, Milas and colleagues attempted to 
identify biological markers that could predict brain MBT 
and treatment outcome in patients with non-small cell 
lung cancer (NSCLC) [60]. Twenty-nine patients with MBT 
and matched controls without MBT were analyzed using 
immunohistochemical techniques. Primary cancer and brain 
tumor tissue samples were analyzed for the expression of 
EGFR, cyclooxygenase-2 (COX-2) and BAX. Expression of 
COX-2 in brain lesions correlated with expression in pri-
mary cancers (P � 0.023), while the expression of BAX was 
lower in the MBT in comparison to the primary cancer 
(P � 0.045). However, the overall expression of EGFR, COX-2 
and BAX in primary NSCLC tumors did not differ between 
patients with MBT and those without MBT. Therefore, this 
set of molecular markers cannot be used to predict the like-
lihood of MBT in patients with NSCLC.
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INTRODUCTION
The epidemiology of primary brain tumors (PBT) was 

reviewed in detail in Chapter 1. In this chapter, we will pro-
vide an overview of the classifi cation, pathology and treat-
ment of the common PBT. Primary brain tumors will be 
diagnosed in approximately 30 000 to 35 000 patients in the 
USA this year and are associated with signifi cant morbid-
ity and mortality [1–6]. Of the estimated 14 patients per 
100 000 population that will develop a PBT this year, 6–8 
per 100 000 will have a high-grade neoplasm, usually some 
form of glioma such as glioblastoma multiforme (GBM) or 
anaplastic astrocytoma (AA).

PATHOLOGY OF SELECTED PRIMARY 
BRAIN TUMORS

The application of appropriate therapeutic strategies 
is dependent upon knowing the type of tumor affecting a 
given patient. In addition to assisting with treatment deci-
sions, the tumor classifi cation and grade provide important 
information regarding prognosis. This chapter will follow 
the World Health Organization (WHO) classifi cation that 
separates nervous system tumors into different nosological 
entities and assigns a grade of I to IV to each lesion (Table 
2.1), with grade I being biologically indolent and grade IV 
being biologically most malignant and having the worst 

prognosis [7,8]. Within the WHO classifi cation, tumors of 
neuroepithelial and meningeal origin contain the two larg-
est and most clinically relevant groups of neoplasms.

Tumors of neuroepithelial origin comprise a large and 
diverse group of neoplasms, with a mixture of slowly grow-
ing and malignant tumor types (Table 2.2) [7–9]. Gliomas 
(e.g. GBM, AA, oligodendrogliomas, medulloblastoma) are 
the largest subgroup within the neuroepithelial class of neo-
plasms and are also the most common type of PBT. Tumors 
of neuroepithelial origin, and gliomas in particular, can 
grow diffusely within the brain or be more circumscribed. 
Diffusely growing tumors are most common and include 
the astrocytomas, oligodendrogliomas and mixed oligoastro-
cytomas. Any of these subtypes can undergo malignant 
transformation and degenerate into the most aggressive 
form of glioma, the GBM.

Diffuse astrocytoma
The current WHO classifi cation divides astrocytomas 

into diffuse and localized varieties (Table 2.3) [7–9]. The dif-
fuse astrocytomas are intrinsically invasive and often travel 
along white matter tracts deep into normal brain. There 
are three groups of diffuse astrocytic neoplasms: astrocy-
toma (WHO grade II; peak age of 30–39 years), AA (WHO 
grade III; peak age of 40–49 years) and GBM (WHO grade 
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T A B L E  2 - 1  WHO Classifi cation: tumors of the central 
nervous system

Tumors of neuroepithelial tissue
Tumors of cranial nerves and spinal nerves
Tumors of the meninges
Lymphomas and hemopoietic neoplasms
Germ cell tumors
Tumors of the sellar region
Cysts and tumor-like lesions
Metastatic tumors

T A B L E  2 - 2  WHO Classifi cation: tumors of neuroepithelial 
tissue

Astrocytic tumors
Oligodendroglial tumors
Ependymal tumors
Mixed gliomas
Choroid plexus tumors
Neuronal and mixed neuronal-glial tumors
Pineal parenchymal tumors
Neuroepithelial tumors of uncertain origin
Embryonal tumors



IV; peak age of 50–69 years). Diffuse astrocytic tumors can 
be divided into fi brillary, protoplasmic and gemistocytic 
forms, with the fi brillary form being most common. The 
presence of gemistocytic and protoplasmic cellular vari-
ations are most often seen in WHO grade II tumors. WHO 
grade II astrocytomas are considered low-grade tumors and 
usually occur in the cerebral white matter. These tumors are 
characterized by a relatively uniform population of prolifer-
ating neoplastic astrocytes in a fi brillary matrix, with mini-
mal cellular and nuclear pleomorphism or atypia (Figure 
2.1). Tumor margins are poorly delineated and suggest sig-
nifi cant infi ltration into surrounding brain. Mitotic fi gures 
are absent and there is no evidence for vascular hyperpla-
sia. Microcystic change is commonly noted in all variants 
of grade II astrocytoma. The Ki-67 labeling index of WHO 
grade II astrocytomas is typically less than 4%, with a mean 
of approximately 2.0–2.5%.

Higher-grade diffuse astrocytomas include AA (WHO 
grade III) and GBM (WHO grade IV), as well as the GBM 
variants giant cell glioblastoma and gliosarcoma (WHO 
grade IV) (see Table 2.3) [7–10]. Anaplastic astrocytomas are 
similar to grade II tumors, except for the presence of more 
prominent cellular and nuclear pleomorphism and atypia 
and mitotic activity (Figure 2.2). In addition, grade III and 
IV tumors usually do not stain as intensely or as homogene-
ously with glial fi brillary acidic protein (GFAP). According 
to WHO criteria, the critical feature that upgrades a grade II 
tumor to an AA is the presence of mitotic activity, with ana-
plastic tumors having Ki-67 indices in the range of 5–10% in 
most cases. Other features of anaplasia can be present, such 
as multinucleated tumor cells, abnormal mitotic fi gures 
and regions of vascular proliferation. Necrosis is absent in 
grade III astrocytomas.

Glioblastoma multiforme is classifi ed as a WHO grade 
IV tumor and has similar histological features to AA, but 
with more pronounced anaplasia (Figure 2.3A) [7–10]. The 
presence of microvascular proliferation and/or necrosis in 
an otherwise malignant astrocytoma upgrades the tumor 
to a GBM. Vascular proliferation is defi ned as blood vessels 
with ‘piling up’ of endothelial cells, including the formation 
of glomeruloid vessels (Figure 2.3B). The glomeruloid ves-
sels can form undulating garlands that surround necrotic 
zones in some cases. Necrosis can be noted in large amor-
phous areas, which appear ischemic in nature, or can 
appear as more serpiginous regions with surrounding 
palisading tumor cells (i.e. perinecrotic pseudopalisad-
ing; Figure 2.3C). Necrosis with nuclear pseudopalisading 
is essentially pathognomonic for GBM. Other features of 
GBM that are typically prominent include marked cellu-
lar and nuclear pleomorphism and atypia, mitotic fi gures 
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Diffuse astrocytomas
  Astrocytoma (WHO grade II)
    Fibrillary
    Protoplasmic
    Gemistocytic
  Anaplastic astrocytoma (WHO grade III)
  Glioblastoma multiforme (WHO grade IV)
    Giant cell glioblastoma
    Gliosarcoma
Localized astrocytomas (WHO grade I)
  Pilocytic astrocytoma
  Pleomorphic xanthoastrocytoma
  Subependymal giant cell astrocytoma

T A B L E  2 - 3  WHO Classifi cation: astrocytic tumors

FIG. 2.1. WHO grade II fi brillary astrocytoma. Note the neo-
plastic astrocytes in a fi brillary matrix, with mildly increased 
cellularity and pleomorphism. No mitoses or hypervascularity are 
present. H&E @ 200�.

FIG. 2.2. WHO grade III fi brillary astrocytoma (AA). The 
tumor is more densely cellular than grade II, with signifi cant cel-
lular and nuclear pleomorphism and atypia. Mitotic fi gures are 
evident. H&E @ 200�.



and multinucleated giant cells, and pronounced infi ltra-
tive capacity into surrounding brain. Labeling indices with 
Ki-67 are usually in the range of 15–20%, but can be much 
higher in some tumors.

Localized astrocytomas
In the WHO classifi cation, the localized astrocytomas 

include the pilocytic astrocytoma (WHO grade I), pleomor-
phic xanthoastrocytoma (PXA; WHO grade II) and the sub-
ependymal giant cell astrocytoma (WHO grade I) [7–10]. 
Pilocytic astrocytomas are slow growing, relatively circum-
scribed tumors that usually occur in children (peak age 
10–12 years) and young adults. These tumors have a predi-
lection for the cerebellum, optic nerves and optic pathways, 
and hypothalamus. The distinctive histological feature is 
the presence of cells with slender, elongated nuclei and 
thin, hair-like (i.e. piloid), GFAP-positive, bipolar processes. 
These cells are found in a biphasic background, which 
consists of dense fi brillary regions alternating with loose, 
microcystic areas. Labeling index studies with Ki-67 report 
values of 0.5–1.5% in most tumors. The PXA is a supraten-
torial tumor with a predilection for the superfi cial tempo-
ral lobes that usually occurs in younger patients (mean age 
15–18 years) with a longstanding history of seizure activity 
[7–10]. On histological examination, PXA demonstrates sig-
nifi cant pleomorphism, with numerous atypical giant cells 
and astrocytes with prominent nucleoli [11]. Also present 
are large foamy (xanthomatous) cells with lipidized cyto-
plasm that express GFAP. Subependymal giant cell astro-
cytoma is an indolent, slowly growing tumor that typically 
arises in the walls of the lateral ventricles and is almost 
invariably associated with tuberous sclerosis [7–10].

Oligodendrogliomas and oligoastrocytomas
Oligodendrogliomas are a form of diffuse glioma that 

can be of pure or mixed histology and are classifi ed as 
WHO grade II or III [7–10]. They typically occur in young to 
middle-aged adults (peak age 35–45 years) with a history 
of seizures, within the white matter of the frontal and tem-
poral lobes. Pure low-grade oligodendroglial tumors (WHO 
grade II) are characterized histologically by a moderately 
cellular, monotonous pattern of cells with round nuclei 
and perinuclear halos (the classic ‘fried egg’ appearance; 
Figure 2.4) [12]. The perinuclear halos are an artifact of the 
formalin fi xation process of the tumor tissue. Foci of calci-
fi cation are frequent and can be quite dense in some cases. 
Delicately branching blood vessels are prominent (i.e. 
‘chicken-wire’ vasculature), but do not display endothe-
lial proliferation. Oligodendrogliomas have a pronounced 
invasive capacity and are known to invade the gray and 
white matter diffusely, with a strong tendency to form sec-
ondary structures of Scherer, in particular perineuronal 
satellitosis. Mitoses are absent or rare and necrosis is not 
present. Labeling studies with Ki-67 usually demonstrate 
indices less than 5%, with a mean of approximately 2%. The 
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FIG. 2.3. WHO grade IV fi brillary astrocytoma (GBM). (A) A 
highly cellular tumor with marked cellular and nuclear pleomor-
phism, numerous mitoses, giant cells (H&E @ 400�); (B) dense 
vascular proliferation (H&E @ 200�) and (C) regions of necro-
sis with pseudopallisading tumor nuclei (H&E @ 100�).
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diagnosis of an anaplastic oligodendroglioma (WHO grade 
III) requires the presence of additional histologic features, 
including a higher degree of cellularity and mitotic activity, 
vascular endothelial hyperplasia, nuclear pleomorphism 
and regions of necrosis (Figures 2.5A and B). These tumors 
behave in a more aggressive fashion, with a higher prolifer-
ative rate (Ki-67 labeling index �5%) and capacity for inva-
sion of surrounding brain. Mixed oligoastrocytomas can 
be classifi ed as WHO grade II or III tumors [7–10]. Distinct 
populations of neoplastic oligodendroglial cells and astro-
cytes can be identifi ed within the mass that have similar 
features to pure versions of the tumor. The percentage of 
each cell population can be quite variable, with an even 
mixture of cell types or with one cell type predominating.

Advances in molecular neuropathology have begun to 
clarify the biological underpinnings of variability in response 
to treatment of oligodendrogliomas [12–14]. The majority 
of tumors demonstrate genetic losses on chromosome 1p 
(40–92%) and/or 19q (50–80%). There is a strong predilec-
tion for deletions of 1p and 19q to occur together but, in 
some tumors, they can be singular events. Patients with 
oligodendrogliomas that contain deletions of 1p and 19q 
are consistently more responsive to irradiation and chemo-
therapy and have an overall median survival of 8–10 years. 
In contrast, patients with tumors that do not have deletion 
of 1p and 19q are more resistant to all forms of therapy and 
have an overall median survival of only 3–4 years.

Medulloblastoma and other embryonal tumors
Embryonal tumors are a group of aggressive, malignant 

neoplasms that usually affect children. They are classifi ed 
by the WHO as grade IV in all cases (Table 2.4) [7–10]. All 

embryonal tumors share the common features of high cel-
lularity, frequent mitoses, regions of necrosis and a propen-
sity for metastases along CSF pathways. Medulloblastoma 
is the most common of the embryonal tumors and is 

Medulloepithelioma
Ependymoblastoma
Medulloblastoma
  Desmoplastic medulloblastoma
  Large cell medulloblastoma
  Medullomyoblastoma
  Melanotic medulloblastoma
Supratentorial PNET
  Neuroblastoma
  Ganglioneuroblastoma
Atypical teratoid/rhabdoid tumor

T A B L E  2 - 4  WHO Classifi cation: embryonal tumors

12 C H A P T E R  2  •  O V E R V I E W  O F  PAT H O L O G Y  A N D  T R E AT M E N T  O F  P R I M A R Y  B R A I N  T U M O R S

FIG. 2.4. WHO grade II oligodendroglioma. Demonstrates the 
classic features of typical oligodendroglioma, with moderate cellu-
larity and numerous round cells with the ‘fried egg’ pattern of perinu-
clear halos and delicate ‘chicken wire’ vasculature. H&E @ 400�.

A

FIG. 2.5. WHO grade III oligodendroglioma. A more densely 
cellular tumor with (A) prominent cellular and nuclear pleomor-
phism, mitotic activity and (B) increased vascularity. H&E @ 400�.

B



considered a primitive neuroectodermal tumor (PNET) of 
the cerebellum. It usually arises in the midline in children, 
within the cerebellar vermis, while in adults it is more likely 
to have an off-center location within the cerebellar hemi-
spheres. The typical medulloblastoma is densely cellular and 
composed of undifferentiated cells with hyperchromatic, 
oval to carrot-shaped nuclei with scant cytoplasm (Figure 
2.6) [9,15]. The nuclei have a tendency to mold against one 
another. Mitoses and single cell necrosis are frequently 
present. Evidence of anaplasia is variable and may include 
increased nuclear size, abundant mitoses and the presence 
of large-cell or similar aggressive cellular morphology. Some 
tumors may display immunohistochemical and morphologi-
cal evidence for differentiation along neuronal, glial or mes-
enchymal lines. Medulloblastomas are highly proliferative 
tumors, with Ki-67 labeling indices ranging from 15 to 50%.

Meningioma and other tumors of the meninges
Tumors of the meninges comprise a large and diverse 

group of neoplasms that mostly have meningothelial or 
mesenchymal, non-meningothelial origins (Table 2.5) 
[8,9]. The most common primary tumor of this group is the 
meningioma (18–20% of intracranial tumors), which has 
meningothelial cell origins and is composed of neoplastic 
arachnoidal cap cells of the arachnoidal villi and granula-
tions. Meningiomas can occur anywhere within the intrac-
ranial cavity, but favor the sagittal area along the superior 
longitudinal sinus, over the lateral cerebral convexities, at 
the tuberculum sellae and parasellar region, the sphenoi-
dal ridge and along the olfactory grooves. Numerous histo-
logic variants of meningioma are described and recognized 
by the WHO (Table 2.5). However, the histopathological 

description of most of these variants has no bearing upon 
the clinical behavior of the tumor. Meningioma subtypes 
that have a more indolent nature and low risk for aggres-
sive growth or recurrence are classifi ed as WHO grade I and 
include the meningothelial, fi brous/fi broblastic, transi-
tional (mixed), secretory, psammomatous, angiomatous, 
microcystic, lymphoplasmocyte-rich and metaplastic vari-
ants [16,17]. Of this group, the meningothelial, fi brous and 
transitional variants are most frequently diagnosed. The 

Tumors of meningothelial cells

Meningioma
  Meningothelial
  Fibrous (fi broblastic)
  Transitional (mixed)
  Psammomatous
  Angiomatous
  Microcystic
  Secretory
  Lymphoplasmacyte-rich
  Metaplastic
  Clear cell
  Chordoid
  Atypical
  Papillary
  Rhabdoid
  Anaplastic meningioma

Mesenchymal, non-meningothelial tumors

Lipoma
Angiolipoma
Hibernoma
Liposarcoma (intracranial)
Solitary fi brous tumor
Fibrosarcoma
Malignant fi brous histiocytoma
Leiomyoma
Leiomyosarcoma
Rhabdomyoma
Rhabdomyosarcoma
Chondroma
Chondrosarcoma
Osteoma
Osteosarcoma
Osteochondroma
Hemangioma
Epithelioid hemangioendothelioma
Hemangiopericytoma
Angiosarcoma
Kaposi sarcoma

Primary melanocytic lesions

Diffuse melanocytosis
Melanocytoma
Malignant melanoma
Meningeal melanomatosis

T A B L E  2 - 5  WHO Classifi cation: tumors of the meninges
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FIG. 2.6. WHO grade IV medulloblastoma. Note the dense cel-
lularity and presence of undifferentiated cells with hyperchromatic, 
oval to carrot-shaped nuclei with scant cytoplasm. The nuclei have 
a tendency to mold against one another. H&E @ 200�.



histological features common to most low-grade meningi-
omas are the presence of whorls (tightly wound, rounded 
collections of cells), psammoma bodies (concentrically 
laminated mineral deposits that often begin in the center 
of whorls), intranuclear pseudoinclusions (areas in which 
pink cytoplasm protrudes into a nucleus to produce a hol-
lowed-out appearance) and occasional pleomorphic nuclei 
and mitoses (Figure 2.7) [16,17]. Meningothelial meningi-
omas are composed of lobules of typical meningioma cells, 
with minimal whorl formation. The tumor cells are uni-
form in shape, with oval nuclei that may show central clear-
ing. Fibrous variants have spindle-shaped cells resembling 
fi broblasts that form parallel and interlacing bundles within 
a matrix of collagen and reticulin.

Meningioma subtypes that are more likely to dis-
play aggressive clinical behavior and to recur are classi-
fi ed by the WHO as grade II (atypical, clear cell, chordoid) 
and grade III (rhabdoid, papillary, anaplastic) [8,9,16,17]. 
On histological examination, all of the grade II tumors are 
likely to demonstrate increased cellularity, more frequent 
mitoses, diffuse or sheet-like growth, nuclear pleomor-
phism and atypia and evidence for micronecrosis. Grade 
III tumors, such as anaplastic meningioma, show features 
consistent with frank malignancy, including a high mitotic 
rate, advanced cytological atypia, nuclear pleomorphism 
and necrosis (Figure 2.8). Invasion of underlying brain is 
frequently noted in grade III meningiomas, but can also 
occur in lower grade variants. Proliferation studies using 
Ki-67 demonstrate labeling indices ranging from 8 to 15%.

Primary central nervous system lymphoma
Primary CNS lymphomas (PCNSL) are malignant 

tumors classifi ed as WHO grade IV, that affect adults in the 

sixth and seventh decades of life [8,9]. They are often multi-
focal and usually arise in the deep supratentorial white 
matter, with a predilection for the periventricular region 
and basal ganglia. PCNSL are composed of a clonal expan-
sion of neoplastic lymphocytes, typically of the diffuse, 
large cell or immunoblastic variety. In 95% of the tumors, 
the cells have a B-cell lineage, often with monoclonal IgM 
kappa production. On histological examination, PCNSL 
display a perivascular cellular orientation, with expansion 
of vessel walls and reticulin deposition (Figure 2.9) [18]. 

FIG. 2.8. WHO grade III anaplastic meningioma. This higher 
power view demonstrates increased nuclear pleomorphism and 
frequent mitoses. H&E @ 400�.
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FIG. 2.7. WHO grade II meningioma. The tumor demonstrates a 
moderately dense, uniform pattern of cells with oval shaped nuclei 
and the presence of many cellular whorl patterns. H&E @ 200�.

FIG. 2.9. WHO grade IV primary CNS lymphoma (PCNSL). 
Note the presence of neoplastic lymphocytes in an angiocentric 
growth pattern, with nuclear pleomorphism and mitoses. H&E @ 
100�.



Regions of necrosis are common, especially if steroids have 
been administered prior to the biopsy. The lymphoma-
tous cells are non-cohesive and usually have large, irregu-
lar nuclei, prominent nucleoli and scant cytoplasm. From 
the perivascular region, tumor cells are noted to invade 
the surrounding brain parenchyma, either in compact cel-
lular aggregates or as singly infi ltrating tumor cells. PCNSL 
are highly proliferative tumors, with Ki-67 labeling indices 
ranging from 20 to 50% in most studies. The diagnosis can 
be confi rmed by immunohistochemical positivity for leu-
kocyte common antigen (CD45) and specifi c B-cell markers 
(CD19, CD20, and CD79a).

SURGICAL THERAPY OF PRIMARY BRAIN 
TUMORS

Surgical intervention is the most common form of treat-
ment for PBT and is an important aspect of initial therapy 
in most patients. Indications for surgery include reduction 
of tumor burden, alleviation of mass effect, control of sei-
zures and reversal of neurological defi cit, confi rmation of 
the histological diagnosis, diversion of cerebrospinal fl uid 
(CSF) by shunting procedures in selected cases, and the 
introduction of local antineoplastic agents [1,19,20]. Recent 
advances in neurosurgical technology offer new approaches 
to tumor removal, such as frame-based and frameless stere-
otactic biopsy, preoperative functional magnetic resonance 
imaging (MRI) and intraoperative cortical mapping, neuro-
navigation and tumor resection in the awake patient and 
the use of intraoperative MRI [21–23]. These techniques 
allow the surgeon to delineate more carefully tumor mar-
gins and to preserve surrounding regions of eloquent brain 
(e.g. Broca’s area, primary motor cortex) and delicate vascu-
lar structures, while performing a more aggressive and thor-
ough tumor resection. Complete removal of benign tumors 
such as meningioma, pilocytic astrocytoma and schwanno-
mas can be curative. For malignant tumors (i.e. GBM, AA), 
although the lack of a prospective, controlled, randomized 
clinical trial still fosters debate in the literature, most neu-
rosurgeons recommend a near total or gross total resec-
tion, whenever possible, of all enhancing tumor volume and 
regionally infi ltrated brain as defi ned on T2-weighted or 
fl uid attenuated inversion-recovery (FLAIR) MRI sequences. 
Gross total tumor resection is not curative for these tumor 
types, but has been associated with longer overall and pro-
gression-free survival in several studies, as well as improved 
neurological quality of life [24,25]. For tumors that are dif-
fusely infi ltrative or multifocal, a stereotactic biopsy is more 
likely to preserve neurological function than an attempt at 
resection and, in most cases, will be able to provide a his-
tological diagnosis to guide further treatment. The accuracy 
of stereotactic biopsy is further improved when the region 
of interest is defi ned by contrast enhancement on MRI or 
abnormal signal on MRI spectroscopy or positron emission 
tomography (PET).

RADIATION THERAPY OF PRIMARY 
BRAIN TUMORS

External beam fractionated radiation therapy is an 
appropriate form of treatment for virtually all patients with 
high-grade gliomas (i.e. GBM, AA, AO, medulloblastoma), as 
well as for selected low-grade PBT that are surgically inacces-
sible or have progressed following initial resection [1,26–29]. 
Numerous randomized controlled trials have demonstrated 
a survival benefi t for high-grade glioma patients receiving 
surgical resection and irradiation in comparison to resec-
tion alone (approximately 34–38 weeks versus 14–18 weeks, 
respectively). The mechanism of cell death appears to be 
the production of DNA strand damage by ionizing radiation 
and the generation of highly reactive oxygen radicals that 
induce further DNA damage and disrupt cellular processes. 
Sublethal or mortal damage to endothelial cells in tumor 
vessels may also be of importance. The standard approach 
is administered in the early postoperative phase and ini-
tially uses conformal radiation ports that encompass the 
T2-weighted target with a margin of 1–3 cm, using a dose of 
approximately 4500–4700 cGy in 180–200 cGy daily fractions. 
After this portion has been completed, a ‘cone down’ is per-
formed, targeting the T1-weighted contrast-enhancing vol-
ume of the tumor with a 1–3 cm margin, bringing the total 
dose to approximately 6000 cGy. Irradiation is performed 
over the course of 6–7 weeks, with the patient receiving 
treatment 5 days per week. Radiation therapy schedules 
can sometimes be modifi ed with hypofractionation and/or 
an abbreviated treatment course for elderly patients or for 
those with a low performance status, while maintaining a 
similar level of toxicity and overall survival [30,31]. More 
aggressive approaches to irradiation using hyperfractiona-
tion schemes have not been shown to improve tumor con-
trol and, in some reports, have been associated with worse 
outcomes [28]. Other techniques to increase localized radia-
tion doses to the tumor resection cavity, such as brachy-
therapy with permanent or temporary radioactive seeds, 
have also had disappointing results in controlled trials [32]. 
In addition to the cranial dosage, spinal-axis RT is necessary 
for tumors that often seed the meninges, such as medullo-
blastoma, pineoblastoma and anaplastic ependymoma.

Stereotactic radiosurgery (SRS), using a linear 
accelerator-based system (e.g. Cyberknife®) or a Co60-
based system (e.g. Gamma Knife®) to deliver a single (or a 
few) high-dose radiation fraction(s) to a defi ned volume 
using stereotactic localization, is another method to boost 
radiation doses in the tumor bed of a newly diagnosed or 
recurrent glioma, while sparing normal surrounding tis-
sues [33–35]. Because of the diffuse, infi ltrative nature 
of the growth pattern of these tumors, the application of 
focal treatment modalities such as radiosurgery remains 
controversial. Retrospective and single-armed, uncon-
trolled prospective trials suggest an improvement in 
local tumor control rates and survival when using either 
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radiosurgical system. However, these results were not 
confi rmed in the randomized, controlled trial of radiosur-
gery for GBM recently reported by the Radiation Therapy 
Oncology Group (RTOG 93-05) [35,36]. In this study, 203 
GBM patients were randomized to receive radiosurgery fol-
lowed by conventional irradiation (60 Gy) and intravenous 
carmustine chemotherapy (80 mg/m2/day � 3 days every 
8 weeks) or irradiation plus chemotherapy alone. The 
median survival for the radiosurgical and conventional 
treatment groups were 13.5 months and 13.6 months, 
respectively (P � 0.5711). In addition, the 2- and 3-year 
survival rates and patterns of failure were similar between 
groups. There was no difference in general quality of life or 
retention of cognitive function between groups.

CHEMOTHERAPY OF PRIMARY BRAIN 
TUMORS

Chemotherapy is used as an adjunctive treatment for 
malignant PBT (i.e. mostly high-grade gliomas – GBM, AA) 
and for selected low-grade gliomas that progress through ini-
tial surgical resection and irradiation [1,37–39]. The addition 
of chemotherapy has resulted in modest improvements in 
survival of patients with malignant glioma, as demonstrated 
by two detailed meta-analyses [40,41]. Over the past two 
decades and until recently, nitrosourea alkylating drugs such 
as carmustine and lomustine (BCNU and CCNU, respec-
tively), were considered the most effective chemotherapeutic 
agents for these tumors [37]. Other agents with mild activity 
included procarbazine (administered alone or in combina-
tion with CCNU and vincristine; i.e. PCV), cisplatin, etopo-
side, carboplatin and cyclophosphamide. For the treatment 
of primary CNS lymphoma, methotrexate has been shown to 
be the most active agent, either alone or in combination with 
other drugs (e.g. cytarabine, rituximab) [42].

More recent studies have focused on the second gen-
eration alkylating agent, temozolomide (TZM), which has 
an activity profi le superior to nitrosoureas and other agents. 
Temozolomide is an imidazotetrazine derivative of the 
alkylating agent dacarbazine, with activity against systemic 
and CNS malignancies [37,43–46]. The drug undergoes 
chemical conversion at physiological pH to the active species 
5-(3-methyl-1-triazeno)imidazole-4-carboxamide (MTIC). 
Temozolomide exhibits schedule dependent antineoplas-
tic activity by interfering with DNA replication through the 
process of methylation. The methylation of DNA is depend-
ent upon formation of a reactive methyldiazonium cation, 
which interacts with DNA at the following sites: N7-guanine 
(70%), N3-adenine (9.2%) and O6-guanine (5%). Because 
TZM is stable at acid pH, it can be taken orally in capsules. 
Oral bioavailability is approximately 100%, with rapid 
absorption of the drug. In addition, TZM has excellent pen-
etration of the blood–brain barrier and brain tumor tissue.

Initial studies of TZM were in patients with recurrent 
AA and GBM, and suggested signifi cant activity [37,43–46]. 

Subsequent larger studies demonstrated unequivocal effi cacy 
in the recurrent setting. The fi rst study evaluated the use of 
TZM (150–200 mg/m2/day � 5 days every 28 days) in a series 
of 162 patients with recurrent malignant gliomas, including 
97 patients with AA [47]. In the AA cohort, there were six 
patients with complete response (CR), 27 with partial response 
(PR) and another 31 with stable disease (SD) (CR�PR�SD � 
66%). The response rate was similar in patients that had failed 
prior chemotherapy or were chemotherapy-naÏve. Median 
overall progression free survival (PFS) was 5.4 months, with 
6- and 12-month PFS rates of 46% and 24%, respectively. The 
median overall survival was 13.6 months, with 6- and 12-
months survival rates of 75% and 56%, respectively. A similar 
comparative phase II trial evaluated the activity of TZM versus 
procarbazine (125–150 mg/m2/day � 28 days every 8 weeks) 
in a cohort of 225 patients with GBM at fi rst relapse [48]. 
Overall response rates (PR+SD) were signifi cantly higher for 
patients in the TZM cohort (45.6% versus 32.7%; P � 0.049). 
Treatment with TZM resulted in a signifi cant improvement in 
median PFS (12.4 weeks versus 8.32 weeks; P � 0.0063) and 6-
month PFS (21% versus 8%; P � 0.008) in comparison to pro-
carbazine. In addition, the 6-month overall survival rate was 
signifi cantly higher for patients in the TZM arm of the study 
(60% versus 44%; P � 0.019).

Temozolomide has also been applied to GBM patients 
in the ‘up-front’ setting by Stupp and colleagues in a set 
of phase II and III studies, in combination with standard 
external beam irradiation and monthly adjuvant chemo-
therapy [37,49,50]. For the phase III study, a total of 573 
patients were randomly assigned to receive radiation alone 
(6000 cGy; 200 cGy/day � 5 days/week for 6 weeks) or radi-
otherapy in combination with daily TZM (75 mg/m2/day � 
7 days/week for 6 weeks) [50]. After the completion of irra-
diation, each patient in the chemotherapy arm went on to 
receive six cycles of adjuvant single-agent TZM (200 mg/
m2/day � 5 days, every 28 days). The overall median sur-
vival was 14.6 months for the radiotherapy plus TZM cohort 
and 12.1 months for the cohort that received irradiation 
alone, for an overall median survival benefi t of 2.5 months. 
The unadjusted hazard ratio for death due to the GBM for 
the radiotherapy plus TZM cohort was 0.63 (P � 0.001, 
log-rank test). The 2-year survival rate was 26.5% for the 
chemoradiation cohort and 10.4% for the cohort receiving 
radiotherapy alone. Chemoradiation using low-dose TZM, 
followed by adjuvant monthly TZM, has become the ‘stand-
ard of care’ for newly diagnosed GBM patients.

MOLECULAR OR ‘TARGETED’ TREATMENT
As noted above, conventional chemotherapeutic 

approaches to treatment for malignant glioma are not pred-
icated on the biology of the malignant phenotype. It has 
become apparent that the transformed phenotype of brain 
tumor cells is highly complex and results from the dysfunc-
tion of a variety of inter-related regulatory pathways [51–53]. 
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The transformation process involves amplifi cation or over-
expression of oncogenes in combination with loss or lack of 
expression of tumor suppressor genes. Oncogenes and sig-
nal transduction molecules that have been demonstrated 
to be important for gliomagenesis include platelet-derived 
growth factor and its receptor (PDGF, PDGFR), epidermal 
growth factor and its receptor (EGF, EGFR), CDK4, mdm-2, 
Ras, phosphoinositol-3 kinase (PI3K), Akt, and mTOR (mam-
malian target of rapamycin). Tumor suppressor genes of 
importance in glial transformation include p53, retinoblas-
toma (Rb), p16 and p15 (i.e. INK4a, INK4b), DMBT1 and 
PTEN. Most of these tumor suppressor genes function as 
negative regulators of the cell cycle, while others are inhibi-
tors of important internal signal transduction pathways. The 
net effect of these acquired abnormalities is dysregulation 
of, and an imbalance between, the activity of the cell cycle 
and apoptotic pathways.

Because the survival of patients with high-grade glio-
mas has remained so poor using conventional chemother-
apeutic approaches, new treatment modalities are being 

investigated that have a more molecular, ‘targeted’ mecha-
nism of action, with the ability to overcome the transformed 
phenotype [54–58]. Recent advances in growth factor and 
signal transduction biology are now providing the back-
ground for the development of ‘molecular therapeutics’, a 
new class of drugs that manipulate and exploit these path-
ways [59]. Molecular drugs targeting critical signal trans-
duction pathway effectors, such as PDGFR, EGFR, Ras, PI3K 
and mTOR, have entered early clinical trials in brain tumor 
patients [54–58]. Preliminary results suggest only modest 
activity against recurrent high-grade gliomas when used 
as single agents. Subsequent clinical trials will investigate 
using molecular drugs in combination with conventional 
chemotherapeutic agents (e.g. TZM, hydroxyurea), with 
other molecular drugs that target different signal transduc-
tion pathways, and with irradiation.
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INTRODUCTION
The epidemiology of metastatic brain tumors (MBT) 

was reviewed in detail in Chapter 1. In this chapter, we will 
provide an overview of the classifi cation, pathology and 
treatment of the common MBT. Metastatic brain tumors 
arise in 20–40% of all adult cancer patients and are the 
most common complication of systemic neoplastic disease 
[1–5]. They will be diagnosed in approximately 150 000–
170 000 patients this year in the USA and are associated 
with signifi cant morbidity and mortality. Of the estimated 
8.3–11 patients per 100 000 population that will develop an 
MBT this year, more than 75% will have underlying primary 
tumors of the lung, breast and skin (i.e. melanoma) (Table 
3.1). However, virtually any primary tumor has the poten-
tial to metastasize to the brain.

PATHOLOGY OF METASTATIC 
BRAIN TUMORS

Systemic tumor cells usually travel to the brain by 
hematogenous spread through the arterial circulation, often 
after genetic alterations that produce a more motile and 

aggressive phenotype [6–11]. The metastasis most often 
originates from the lung, either from a primary lung tumor 
or from a pulmonary metastasis. Occasionally, cells reach 
the brain through Batson’s paravertebral venous plexus or 
by direct extension from adjacent structures (e.g. sinuses, 
skull). The distribution of brain metastases follows the 
relative volume of blood fl ow to each area, so that 80% of 
tumors arise in the cerebral hemispheres, 15% in the cere-
bellum and 5% in the brainstem. Tumor cells typically lodge 
in small vessels at the gray–white junction and then spread 
into the brain parenchyma, where they proliferate and 
induce their own blood supply by neoplastic angiogenesis 
[9]. Expansion of the MBT disrupts the function of adjacent 
neural tissue through several mechanisms, including direct 
displacement of brain structures, perilesional edema, irri-
tation of overlying gray matter and compression of arterial 
and venous vasculature.

The metastatic phenotype is the result of a complex 
alteration of gene expression that affects tumor cell adhe-
sion, motility, protease activity and internal signaling path-
ways [8–10]. Initial changes involve downregulation of 
surface adhesion molecules, such as integrins and cadher-
ins, which reduces cell-to-cell interactions and allows eas-
ier mobility through the surrounding extracellular matrix 
(ECM). Cell motility is also accelerated in response to spe-
cifi c ligands, such as scatter factor and autocrine motility 
factor [7–10]. Several oncogenes and signal transduction 
pathways are also commonly activated in these aggres-
sive cells, including members of the Ras family, Src, Met, 
and downstream molecules such as Raf, MAPK 1/2, Rac/
Rho, PI3-kinase and focal adhesion kinase. Cellular inva-
sive capacity is augmented in the metastatic phenotype by 
increased tumor cell secretion of matrix metalloprotein-
ases (e.g. collagenases, gelatinases) and other enzymes that 
degrade the ECM [9,10]. In addition, metastatic cells often 
have downregulated secretion of tissue inhibitors of metal-
loproteinases (i.e. TIMP-1, TIMP-2), which further enhances 
their invasive potential and access to the vasculature. 

CHAPTER 3

Overview of Pathology and Treatment
of Metastatic Brain Tumors
Herbert B. Newton, Abhik Ray-Chaudhury and Mark G. Malkin 

Primary tumor Percentage (%)

Lung 50–60
 squamous cell 25–30
 adenocarcinoma 12–15
 small cell 10–13
 large cell  2
Breast 15–20
Melanoma  5–10
Gastrointestinal  4–6
Genitourinary  3–5
Unknown  4–8
Other  3–5

Data compiled from references [1–5]
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Loss of certain metastasis-suppressor genes has also been 
implicated in the metastatic phenotype, including nm23, 
KA11, KiSS1, PTEN, Maspin and others [9–11]. Reduced 
expression of these genes removes inhibitory control over 
the formation of macroscopic metastases. A recent case 
control study of non-small cell lung cancer patients, with 
and without MBT, attempted to correlate the expression of 
epidermal growth factor receptor (EGFR), cyclooxygenase-
2 and Bax with the risk of developing brain metastases [12]. 
It was found that expression of the biomarkers was similar 
for patients with and without MBT, and could not be used 
to predict the potential for developing an MBT. In addition, 
expression levels of EGFR, cyclooxygenase-2 and Bax did 
not correlate with patient survival in multivariate analysis.

Once the metastatic bolus of cells has traveled to the 
nervous system and has lodged within the brain, neo-
plastic angiogenesis is required for the tumor to grow to a 
clinically relevant size [9,10,13,14]. The angiogenic pheno-
type requires upregulation of angiogenic promoters such 
as vascular endothelial growth factor (VEGF), fi broblast 
growth factors (basic FGF, acidic FGF), angiopoietins (Ang-
1, Ang-2), platelet-derived growth factor (PDGF), epidermal 
growth factor (EGF), transforming growth factors (TGF� 
and TGF�), interleukins (IL-6, IL-8) and the various growth 
factor receptors (e.g. VEGFR, PDGFR, EGFR) [13,14]. During 
the ‘angiogenic switch’ to the metastatic phenotype, tumor 
cells also reduce secretion of angiogenesis inhibitors, such 
as thrombospondin-1, platelet factor-4 and interferons α 
and β [13]. This reduced concentration of inhibitory factors 
further ‘tips the balance’ in the local environment to permit 
angiogenic activity within and around the tumor mass.

On macroscopic evaluation, MBT usually form rounded, 
discrete deposits in the brain parenchyma that are well 
circumscribed and demarcated from surrounding neural 

tissues (Figures 3.1 and 3.2) [15,16]. The most common 
locations for metastases are the frontal and temporal lobes, 
other lobes of the cerebrum, the cerebellum and dien-
cephalic region. The lesions can be single (25–35% of cases) 
or multiple (65–75% of cases) and may even present as a 
miliary pattern of numerous tiny masses. Primary tumors 
most likely to cause multifocal MBT include small cell 
and adenocarcinoma of the lung, melanoma and chorio-
carcinoma. Single metastatic deposits are more likely to 
arise from renal cell, gastrointestinal, breast, prostatic and 

FIG. 3.1. Gross specimen of brain dem-
onstrating a metastatic brain tumor from a 
primary lung carcinoma, located at the gray–
white junction. Note the well circumscribed 
nature of the lesion, with little infi ltration into 
surrounding brain.
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FIG. 3.2. Gross specimen of brain demonstrating several met-
astatic brain tumors from malignant melanoma. Note the hemor-
rhagic nature of the lesions, along with signifi cant surrounding 
edema and mass effect.



uterine carcinomas. The tumor deposits may have areas of 
hemorrhage or necrosis, particularly in the center of large 
lesions. Primary tumors most likely to cause hemorrhagic 
brain metastases include melanoma, choriocarcinoma, 
lung carcinoma and renal cell carcinoma. With or without 
hemorrhage, the tumor is usually surrounded by an exten-
sive amount of vasogenic edema, which often seems out 
of proportion to the size of the mass and contributes to 
regional mass effect.

On microscopic examination, the histological features 
of the MBT are usually similar, if not identical, to those of 
the primary neoplasm (Figures 3.3 and 3.4) [15,16]. In some 
cases, there may be a vigorous angiogenic response, with 

more prominent vascular proliferation and the formation 
of glomeruloid structures. In other tumors, there may be 
extensive necrosis, with only small regions of recognizable 
neoplastic tissue at the periphery of the lesion or adjacent 
to blood vessels. However, unlike glioblastoma multiforme, 
pseudopalisading of tumor nuclei around necrotic foci is 
very uncommon. The tumor mass will usually have well 
defi ned borders, tending to displace adjacent brain paren-
chyma without signifi cant infi ltration. Areas of hemor-
rhage and gliosis are often noted. Initial review of the tissue 
morphology can often identify a major tumor category, 
such as metastatic carcinoma, melanoma or lymphoma. 
For a more detailed determination of cellular differen-
tiation and assignment to a specifi c histological category, 
immunocytochemical analysis is required [15–17]. The 
tissue is usually screened with a detailed antibody panel, 
which includes numerous cell- and tumor-specifi c markers 
(Table 3.2). In some cases, further investigation with elec-
tron microscopy or molecular genetic techniques may be 
necessary to fi nalize the diagnosis.

SURGICAL THERAPY OF METASTATIC 
BRAIN TUMORS

In the modern era of neurosurgery, there is now an 
important role for surgical resection of MBT, in carefully 
selected patients [18–21]. Surgical removal should be con-
sidered in all patients with a magnetic resonance imaging 
(MRI) documented solitary metastasis. Unfortunately, this 
constitutes only 25–35% of all patients. Among those patients 
with solitary lesions, only half will be appropriate for sur-
gery because of factors such as inaccessibility of the tumor 
(e.g. brainstem, eloquent cortex), extensive systemic tumor 
burden, or other medical problems (e.g. cardiac ischemia, 
pulmonary insuffi ciency). Using second generation image-
guided, neuronavigation systems with frameless stereotaxy, 

FIG. 3.3. Microscopic preparation of tis-
sue from a metastatic adenocarcinoma of the 
lung. Note that the metastatic tissue in the 
brain maintains the ability to form complete 
glandular structures. H&E @ 200�.

FIG. 3.4 Microscopic preparation of tissue from a metastatic 
ductal carcinoma of the breast. Note tumor nodules are sharply 
demarcated from surrounding brain parenchyma, with no infi ltra-
tion. H&E @ 400�.
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patients with MBT can undergo aggressive surgical resec-
tion with signifi cantly less risk for neurological injury [22]. In 
a review of 49 patients by Tan and Black, the use of image-
guided craniotomy allowed for a gross total resection of the 
tumor and complete resolution of symptoms in 96% and 70% 
of the cohort, respectively [22]. Neurological deterioration 
was noted in only two patients (3.6%), in whom signifi cant 
defi cits were present prior to surgery. The median survival 
for the entire group was 16.2 months, with a local recurrence 
rate of 16%. When neuronavigation and image-guidance is 
integrated with intraoperative magnetic resonance imaging 
(iMRI), the extent of surgical resection can be monitored and 
maximized in the operating room [23,24]. This often allows 
for a more complete resection of tumor and the potential for 
improved local control.

Class I evidence from two phase III trials is available 
to support the use of surgical resection in MBT patients 
[18–21,25,26]. In the seminal study by Patchell and col-
leagues, 48 patients with solitary MBT were randomly 
assigned to receive surgical resection plus irradiation ver-
sus irradiation alone [25]. Local recurrence at the site of 
the original metastasis was signifi cantly less frequent in 
the surgical cohort in comparison to the irradiation alone 

cohort (20% versus 52%; P � 0.02). Overall survival was sig-
nifi cantly longer in the surgical group (median 40 weeks 
versus 15 weeks; P � 0.01). In addition, functional inde-
pendence was maintained longer in the surgical cohort 
(median 38 weeks versus 8 weeks; P � 0.005). In a similar 
European phase III trial, 63 evaluable patients with solitary 
MBT were randomized to receive hyperfractionated irradia-
tion (200 cGy � 2 per day; total of 4000 cGy) with or without 
surgical resection [26]. The overall survival was signifi cantly 
longer in the surgical cohort (median 10 months versus 6 
months; P � 0.04). A survival advantage was also noted for 
the surgical group in the 12-month (41% versus 23%) and 
24-month (19% versus 10%) overall survival rates. The effect 
of the surgical procedure on survival was most pronounced 
in the patient cohort with stable systemic disease, with sig-
nifi cant differences in overall survival (median 12 months 
versus 7 months; P � 0.02), 12-month survival rate (50% 
versus 24%) and 24-month survival rate (27% versus 10%). 
For patients with active systemic disease, the surgical resec-
tion and irradiation alone cohorts had the same median 
overall survival (5 months). One negative phase III trial has 
been reported by Mintz and co-workers, in their review of 
84 patients randomized to receive irradiation with or with-
out surgical resection [27]. The overall survival was similar 
between the surgical and irradiation alone groups (median 
5.6 months versus 6.3 months; P � 0.24). There was also 
no difference between treatment cohorts in the ability of 
patients to maintain Karnofsky Performance Status equal 
to or above 70%. However, it should be mentioned that this 
study had several methodological shortcomings, including 
the fact that 73% of all patients had poorly controlled sys-
temic disease, there was an unequal distribution of primary 
pathologies between treatment cohorts (i.e. more radio-
resistant colorectal cancer in the surgical group and more 
radiosensitive breast cancer in the irradiation alone group) 
and non-uniform calculation of survival times [21].

There is also class II and III evidence to support the 
use of surgical resection for selected patients with a solitary 
MBT, mainly refl ecting individual institutional experience 
[18–22,28–32]. This has been demonstrated in patients with 
solitary MBT from various types of primary tumors, includ-
ing those from lung, breast, colon and rectum, melanoma, 
renal cell and others. In general, these studies also demon-
strate improved local control rates and longer survival in 
patients with solitary, accessible MBT that receive surgical 
resection followed by external beam irradiation.

For patients with multiple MBT, the use of surgi-
cal treatment is more controversial and remains unclear 
[18–21]. Some authors advocate the removal of all meta-
static tumors, if the lesions are accessible and not located 
in eloquent regions of brain [33]. Using this approach with 
carefully selected patients, the survival can be similar to 
that of patients undergoing surgery for solitary metastases. 
Other authors suggest limiting the use of surgical resection 
for the ‘dominant or symptomatic’ lesion, if it is accessible 

T A B L E  3 - 2  Immunocytochemical staining techniques used in 
the diagnosis of metastatic brain tumors

Initial screening panel
 epithelial membrane antigen
 cytokeratins
 glial fi brillary acidic protein

Cell-specifi c markers
 lung cancer: cytokeratin 7, surfactant
  breast cancer: cytokeratin 7, estrogen and progesterone 

 receptors
 gastrointestinal cancer: cytokeratin 20
 ovarian cancer: CA 125
 neuroendocrine: chromogranins, peptides
 thyroid cancer: thyroglobulin
 prostate cancer: prostate specifi c antigen, prostatic acid
  phosphatase

Germ cell tumors
 placental alkaline phosphatase

Sarcomas
 desmin
 smooth-muscle actin
 S-100

Malignant melanoma
 S-100
 HMB45
 MART-1

Lymphoma
 CD45
 CD3
 CD20

Data derived from references [14–16]
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[20,32]. The smaller and less symptomatic tumors can then 
be controlled by postoperative irradiation.

RADIATION THERAPY OF METASTATIC 
BRAIN TUMORS

Whole brain external beam irradiation (WBRT) remains 
the primary form of therapy for the majority of patients 
with brain metastases [1–5,34–36]. It is still the treatment 
of choice for tumors that are located in eloquent cortex 
or are too large or too numerous for surgical resection or 
radiosurgical approaches. Early randomized trials in the 
1970s and 1980s by the Radiation Therapy Oncology Group 
(RTOG) and others evaluated variable dosing (10–54.4 Gy) 
and fractionation (1 to 34 fractions) schemes, in an attempt 
to determine the optimal therapeutic regimen [35,36]. 
The median survival across all studies ranged from 2.4 to 
4.8 months, thereby proving that differences in dosing, 
timing and fractionation schedules did not signifi cantly 
infl uence the results in MBT patients. Objective tumor 
responses (i.e. complete response (CR), partial response 
(PR), minor response (MR)) were noted in approximately 
60% of patients in the randomized RTOG trials. The most 
widely used WBRT regimen delivers a total of 30 Gy in ten 
3 Gy fractions over 2 weeks. Although this dose has limited 
potential for long-term tumor control, it is well tolerated 
and designed to minimize the neurotoxicity associated with 
WBRT. An analysis of RTOG clinical trial data suggests that 
this regimen can provide control of disease in roughly 50% 
of patients at 6 months. After receiving WBRT, most MBT 
patients note an improvement or stabilization of neurologic 
symptoms, including headache, seizures, impaired menta-
tion, cerebellar dysfunction and motor defi cits [35].

A randomized trial has also evaluated the utility of 
WBRT in the context of patients with a solitary MBT that 
have undergone surgical resection [37]. In this study, 
95 patients with solitary MBT were treated with com-
plete surgical resection and then randomized into a post-
operative radiotherapy group or an observation group. The 
overall recurrence rate of MBT anywhere in the brain was 
signifi cantly reduced in the radiotherapy group (18% versus 
70%; P � 0.001). Postoperative WBRT was able to reduce 
the rate of MBT recurrence at the site of the original metas-
tasis (10% versus 46%; P � 0.001) and at distant sites in 
the brain (14% versus 37%; P � 0.01). In addition, patients 
in the radiotherapy cohort were less likely to die of neuro-
logical causes than patients in the observation group (14% 
versus 44%; P � 0.003). However, there was no signifi cant 
difference between groups in terms of the overall length 
of survival or the length of time that patients were able to 
maintain functional independence. This is not surprising 
since one would not expect WBRT to have any effect on the 
course of the systemic cancer.

Prophylactic cranial irradiation (PCI) is an ‘up-front’ 
application of WBRT that is only appropriate for consideration 

in selected patients with lung cancer. The effi cacy of PCI 
was fi rst demonstrated in patients with small cell lung can-
cer (SCLC), especially those with well-controlled systemic 
disease [38,39]. Initial reports demonstrated a survival ben-
efi t of 5.4% at 3 years, with a 25.3% reduction in the cumu-
lative incidence of MBT in the cohort of patients achieving 
a complete systemic remission with chemotherapy [38]. 
A subsequent analysis of 505 patients that had participated 
in randomized trials has further characterized the benefi t 
of PCI in SCLC patients [39]. The 5-year cumulative inci-
dence of MBT as an isolated fi rst site of relapse was 20% 
in the PCI cohort and 37% in control patients (P � 0.001). 
The overall 5-year incidence of MBT for the PCI and 
control groups was 43% and 59%, respectively (relative 
risk [RR] 0.50; P � 0.001). However, the effect on over-
all survival was modest, with 5-year rates for the PCI and 
control groups of 18% and 15%, respectively (RR 0.84; 
P � 0.06). Presumably, this is because the majority of SCLC 
patients ultimately die of systemic metastases, an issue not 
addressed by PCI. Prophylactic cranial irradiation has also 
been investigated in patients with non-small cell lung can-
cer (NSCLC), but with less compelling evidence of benefi t 
[40,41]. Although there does appear to be a reduction in 
the incidence of MBT in the PCI cohorts, no survival ben-
efi t has been observed. This view is consistent with a recent 
Cochrane Review of the use of PCI in NSCLC patients [42]. 
The authors concluded that there was insuffi cient evidence 
at this time to recommend the use of PCI in clinical prac-
tice and that it should only be offered in the context of a 
clinical trial.

Stereotactic radiosurgery (SRS) is a method of deliver-
ing focused irradiation to the boundaries of a tumor (i.e. 
conformal dosing), in a single or few fractions, using great 
precision [34–36,43–47]. SRS has become an important 
therapeutic option for brain metastases for several reasons, 
including the fact that most MBT are spherical and small 
at the time of diagnosis, the degree of infi ltration into sur-
rounding brain is usually quite limited, the gray–white mat-
ter junction is considered a relatively ‘non-eloquent’ area 
of the brain and improved local control in the brain may 
extend patient survival. The treatment is most often admin-
istered using a Gamma Knife® (i.e. Co60 sources), however, 
linear accelerator (e.g. Cyberknife®) and proton beam units 
are also used and demonstrate comparable local control 
and complication rates. SRS is most effective for tumors less 
than or equal to 3 cm in diameter. However, some authors 
recommend treatment of tumors up to 4 cm in diameter. 
Typical doses are in the range of 15–20 Gy to the margins 
of the tumor, with higher doses administered at the center 
of the mass. Optimal dosing will depend on the size of the 
tumor, previous exposure to irradiation and proximity to 
delicate neural structures (e.g. optic chiasm).

There are two reports that provide class I evidence 
for the effi cacy of SRS in the context of a boost to WBRT 
[48,49]. In the fi rst study from the University of Pittsburgh, 



27 patients with two to four MBT were randomized to 
receive WBRT (30 Gy over 12 fractions) plus SRS (tumor 
margin dose of 16 Gy) or WBRT alone [48]. Local control 
was improved by the use of the SRS boost, with local fail-
ure rates at 1 year of 8% for the combined treatment group 
and 100% for the WBRT alone group. The median time to 
local failure was 36 months for the WBRT plus SRS cohort 
and 6 months for the WBRT alone group (P � 0.0005). In 
addition, median time to overall brain failure (local or dis-
tant) was longer for the combined treatment cohort in 
comparison to the WBRT alone group (34 months versus 
5 months; P � 0.002). However, the addition of the SRS 
boost did not signifi cantly infl uence overall survival 
between the two groups (11 months versus 7.5 months, 
respectively; P � 0.22). Again, this lack of effect on overall 
survival could simply refl ect the effect of systemic metas-
tases in these patients. In a similar study by the RTOG 
(RTOG 9508), 333 patients with one to three MBT were 
randomized to receive either WBRT (37.5 Gy over 15 frac-
tions) or WBRT plus an SRS boost of 15–24 Gy, depending 
on tumor size [49]. Local control at 1 year was signifi cantly 
better for the SRS group in comparison to the WBRT alone 
group (82% versus 71%; P � 0.01). In addition, time to 
local progression was extended in the combined treatment 
cohort (P � 0.0132). Overall median survival was similar 
between groups, however, for patients with a single MBT, 
median survival was longer in the WBRT plus SRS cohort 
(6.5 months versus 4.9 months; P � 0.0393). The Karnofsky 
Performance Status (KPS) was more likely to be stable or 
improved at 6 months follow-up in the WBRT plus SRS 
group (43% versus 27%; P � 0.03). This is consistent with 
the multivariate analysis, which demonstrated improved 
survival in patients with RPA class 1 disease (P � 0.0001).

There are numerous reports in the literature describing 
class II and III evidence supporting the use of SRS for treat-
ment of MBT [34–36,43–47]. A review of the larger trials (i.e. 
100 or more patients) would suggest that SRS is as effec-
tive as, if not more effective than, WBRT [50–61]. In most 
of the studies, the median survival ranged between 5.5 and 
13.5 months, with overall local control rates of 85–95%. 
The increase in local control rates did not translate into 
an improvement in survival, with most patients dying of 
systemic disease progression. Several factors have been 
found to infl uence the degree of local control, including 
primary tumor histology (e.g. melanoma versus lung car-
cinoma), tumor volume, tumor location, presentation (e.g. 
new versus recurrent) and pattern of MRI enhancement 
(e.g. homogeneous versus heterogeneous versus ring). 
Some authors are recommending the use of SRS as the pri-
mary, ‘up-front’ mode of irradiation in high performance 
patients with well-controlled systemic disease, instead of 
WBRT [50–61]. However, this view is not supported by the 
conclusions of a recent ASTRO meta-analysis of SRS treat-
ment of MBT [62]. The ASTRO recommendations are to 
advise an SRS boost to WBRT in selected patients with 

one to four newly diagnosed MBT. The omission of WBRT 
results in signifi cantly lower rates of local and distant 
brain control.

CHEMOTHERAPY OF METASTATIC 
BRAIN TUMORS

Chemotherapy has become a more viable option for the 
treatment of MBT in recent years, especially for recurrent 
disease [63–69]. The prior reluctance to use chemotherapy 
stemmed from concerns about the ability of chemother-
apy drugs to cross the blood–brain barrier (BBB) and pen-
etrate tumor cells, intrinsic chemoresistance of metastatic 
disease and the high probability of early death from sys-
temic progression. However, recent animal data suggest 
that meta static tumors that strongly enhance on computed 
tomography (CT) or MRI have an impaired blood–brain 
barrier and will allow entry of chemotherapeutic drugs 
[63,65]. In addition, systemic resistance to a given drug does 
not always preclude sensitivity of the metastasis within the 
brain [63]. Several types of metastatic brain tumors are rel-
atively chemosensitive and may respond, including breast 
cancer, small cell lung cancer, non-small cell lung cancer, 
germ cell tumors and ovarian carcinoma.

The most common approach to chemotherapy for 
brain metastases is to administer it ‘up-front’, before or 
during conventional WBRT or SRS [70–79]. Several authors 
have demonstrated that combination regimens given intra-
venously can be active in this context. The most frequently 
used agents included cisplatin (CDDP), etoposide (VP16) 
and cyclophosphamide (CTX). In a series of 19 patients with 
small cell lung cancer and brain metastases, Twelves and 
co-workers used intravenous (IV) CTX, vincristine and VP16 
every three weeks before any form of irradiation [70]. Ten of 
the 19 patients (53%) had a radiological or clinical response. 
In nine patients, there was CT evidence of tumor shrink-
age, while in one patient there was neurological improve-
ment, without neuroimaging follow-up. The mean time 
to progression (TTP) was 22 weeks, with a median overall 
survival of 28 weeks. Cocconi and colleagues used up-front 
IV cisplatin and etoposide every 3 weeks for 22 evaluable 
patients with MBT from breast carcinoma [71]. There were 
12 objective responses, for an overall objective response 
rate of 55%. The median TTP was 25 weeks overall and 
40 weeks in the objective response cohort. Overall median 
survival was 58 weeks. The same authors have expanded 
their series to include 89 patients with MBT from breast, 
non-small cell lung carcinoma and malignant melanoma 
[72]. Objective responses were noted in the breast and lung 
cohorts. None of the patients with melanoma had objec-
tive responses. The overall objective response rate was 30% 
(34/89). Median TTP was 15 weeks, with a median survival 
for the cohort of 27 weeks. Similar responses have been 
noted in series of patients with MBT from lung and breast 
carcinoma [73–79]. However, although objective responses 
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were noted in many of these studies, they did not translate 
into improvements in patient survival.

Topotecan is a semisynthetic camptothecan deriva-
tive that selectively inhibits topoisomerase I in the S phase 
of the cell cycle [80]. It demonstrates excellent penetra-
tion of the blood–brain barrier in primate animal models 
and humans. Summating the data of more than 60 patients 
in several European studies of single agent topotecan, 
the objective response rates have been encouraging, with 
30–60% of patients demonstrating a complete response (CR) 
or partial response (PR) [81–84]. Topotecan is also being 
investigated in combination with radiotherapy and other 
cytotoxic chemotherapy agents, such as temozolomide. A 
recent phase I trial has evaluated the tolerability of temo-
zolomide (50–200 mg/m2) and topotecan (1–1.5 mg/m2), 
given daily for 5 days every 28 days [85]. Twenty-fi ve patients 
with systemic solid tumors were treated. Toxicity was mainly 
hematological, with frequent neutropenia and thrombocyto-
penia. Three patients were noted to have a PR.

Temozolomide is an imidazotetrazine derivative of 
the alkylating agent dacarbazine with activity against sys-
temic and CNS malignancies [65,86–88]. The drug under-
goes chemical conversion at physiological pH to the active 
species 5-(3-methyl-1-triazeno)imidazole-4-carboxamide 
(MTIC). Temozolomide exhibits schedule dependent anti-
neoplastic activity by interfering with DNA replication 
through the methylation of DNA at the following sites: N7-
guanine (70%), N3-adenine (9.2%) and O6-guanine (5%). 
Several reports have suggested activity of single agent 
temozolomide against MBT, with occasional objective 
responses [89,90]. Temozolomide is also under investiga-
tion as a radiation sensitizer, including a randomized phase 
II trial by Antonadou and associates [91]. In this study, 52 
newly diagnosed MBT patients (lung and breast) were 
treated with either WBRT alone (40 Gy) or WBRT plus con-
ventional temozolomide. The addition of temozolomide 
improved the objective response rate when compared to 
WBRT alone (CR 38%, PR 58% versus CR 33%, PR 33%). In 
addition, neurologic improvement during treatment was 
more pronounced in the cohort of patients receiving chemo-
therapy. A similar randomized phase II trial by Verger and 
colleagues treated 82 patients with MBT (mostly lung and 
breast) using combined WBRT (30 Gy) and temozolomide 
(75 mg/m2/day during irradiation, plus two cycles of con-
ventional adjuvant dosing) versus WBRT alone [92]. The 
objective response rate and overall survival were similar 
between treatment groups. However, there was a signifi -
cantly higher rate of progression-free survival at 90 days in 
the combined treatment cohort (72% versus 54%, P � 0.03). 
In addition, the percentage of patients dying from the MBT 
was lower in the chemotherapy arm (41% versus 69%; 
P � 0.03). Temozolomide has also been shown to have activ-
ity, as a single agent and in combination with other drugs 
(e.g. cisplatin, doxetaxel, thalidomide), against MBT from 
malignant melanoma [93–96].

In an effort to improve dose intensity to MBT, some 
authors have given some or all of the chemotherapy drugs 
by the intra-arterial (IA) route [65,97–101]. There are sev-
eral advantages to administering chemotherapy IA instead 
of by the conventional IV route, including augmentation of 
the peak concentration of drug in the region of the tumor 
and an increase in the local area under the concentration-
time curve [97]. Pathologically, metastatic brain tumors are 
excellent candidates for IA approaches, because they tend 
to be well circumscribed and non-infi ltrative [1]. In addi-
tion, MBT almost always enhance on MRI imaging, indi-
cating excellent arterial vascularization and impairment 
of the blood–tumor barrier. Pharmacologic studies using 
animal models of IA and IV drug infusion have shown that 
the IA route can increase the intratumoral concentration 
of a given agent by at least a factor of three- to fi ve-fold 
[102,103]. For chemosensitive tumors, improving the intra-
tumoral concentrations of drug should augment tumor cell 
kill and the ability to achieve objective responses [97]. Initial 
applications of IA chemotherapy to MBT involved the use of 
BCNU and cisplatin [98–101]. Although objective responses 
were noted in patients with lung and breast tumors, sig-
nifi cant neurotoxicity occurred (e.g. seizures, confusion). 
More recent reports have used carboplatin as the primary 
IA agent and have resulted in similar objective response 
rates, with signifi cantly less neurotoxicity [104–106].

The recent expansion of knowledge regarding the 
molecular biology of neoplasia and the metastatic pheno-
type has led to intense development of therapeutic strate-
gies designed to exploit this new information [107]. Several 
targets of therapeutic intervention have been developed, 
including growth factor receptors and their tyrosine kinase 
activity, disruption of aberrant internal signal transduction 
pathways, inhibition of excessive matrix metalloproteinase 
activity, downregulation of cell cycle pathways and manip-
ulation of the apoptosis pathways. The most promising 
approach thus far has been the development of small mol-
ecule drugs or monoclonal antibodies to the major growth 
factor receptors (e.g. PDGFR, EGFR, Her2, CD20) [108–
112]. Monoclonal antibody agents such as rituximab (i.e. 
Rituxan®) and trastuzumab (i.e. Herceptin®) have proven 
to be clinically active against non-Hodgkin’s lymphoma 
and breast cancer, respectively. Several small-molecule 
inhibitors of the tyrosine kinase activity of the EGFR (e.g. 
geftinib, erlotinib) are under clinical evaluation in phase 
I trials of patients with solid tumors [109–111]. Similar 
efforts are underway to develop agents that can target the 
tyrosine kinase activity of PDGFR and the ras signaling 
pathway [111,112]. Other agents under development will 
be designed to target downstream effectors, such as Raf, 
MAPK, Rac/Rho and angiogenesis. An initial report using 
imatinib, a tyrosine kinase inhibitor with activity against 
C-KIT and PDGFR, describes a 75-year-old male with 
a C-KIT positive GI stromal tumor who developed neuro-
logical deterioration and gait diffi culty [113]. An MRI scan 
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demonstrated leptomeningeal disease with brain infi ltra-
tion and edema. After treatment with imatinib mesylate 
(400 mg bid) for 2 months, his neurological function and 
gait improved. A follow-up MRI scan revealed complete 
resolution of the meningeal and intra-parenchymal abnor-
malities. Several authors have recently described case 
reports of the use of gefi tinib, an oral tyrosine kinase inhib-
itor of EGFR, in patients with MBT from NSCLC [114–118]. 
A few of these initial patients had objective responses, 
including CR, that were quite durable. These early reports 

led Ceresoli and colleagues to perform a prospective phase 
II trial of gefi tinib in patients with MBT from NSCLC [119]. 
Forty-one consecutive patients were treated with gefi tinib 
(250 mg/day); 37 had received prior chemotherapy and 
18 had undergone WBRT. There were four patients with a 
PR and seven with SD. The overall progression-free sur-
vival was only 3 months. However, the median duration 
of responses in the patients with a PR was an encouraging 
13.5 months.
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INTRODUCTION
Primary spinal cord tumors (SCT) are a group of neo-

plasms that arise from the parenchyma of the spinal cord or 
from tissues that comprise or are contained within the sur-
rounding spinal canal, including meninges, nerves, fat, bone 
and blood vessels [1–3]. Secondary SCT arise as metastatic 
deposits, within the spinal cord parenchyma or surrounding 
tissues, from a primary lesion outside of the central nervous 
system (CNS; see Chapters 6 and 7). Because of their loca-
tion near delicate spinal cord structures that mediate motor 
control and sensation, even slowly growing benign SCT may 
cause severe neurologic sequelae. This chapter will provide 
an overview of the epidemiology of primary and metastatic 
tumors of the spinal cord, with a review of pathology and 
treatment to follow in the next two chapters.

EPIDEMIOLOGY OF PRIMARY SPINAL 
CORD TUMORS

Primary SCT are classifi ed according to their cell of ori-
gin and the location of the mass in relationship to the spinal 
cord parenchyma: either intramedullary or extramedul-
lary (i.e. developing from cells that are intrinsic or extrin-
sic, respectively, to the spinal cord). Extramedullary SCT 
are further subdivided into intradural and extradural (i.e. 
developing inside or outside, respectively, the fi brous dural 
covering of the spinal cord; while remaining extrinsic to 
the spinal cord itself). In adults, more than 85% of SCT 
are extramedullary (Table 4.1). Of this group, the intra-
dural tumors are most frequent, with meningiomas and 
schwannomas comprising 55–60% of the total (Table 4.2) 
[1–3]. Less common extramedullary tumors are sarcomas, 
exophytic ependymomas and astrocytomas, epidermoids 
and dermoids. Intramedullary tumors are much less com-
mon, accounting for roughly 10–12% of all SCT in adults 
(see Table 4.1) [1–3]. Ependymomas and astrocytomas are 
responsible for more than 80% of these cases (see Table 
4.2). In children, the distribution of SCT is different from 
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T A B L E  4 - 1  Anatomic distribution of primary spinal cord 
tumors in adults

Location %

Intramedullary 10–12
Extramedullary 88–90
 extradural 25
 intradural 60
 cauda equina  5

Adapted from References [1–3]

T A B L E  4 - 2  Clinically important primary spinal cord tumors 
in adults

Extramedullary %

Schwannoma 29
Meningioma 25
Exophytic 
 ependymoma 13
Sarcoma 12

Exophytic astrocytoma  6

Other 10–15
 epidermoid
 dermoid
 teratoma
 lipoma
 vascular tumors
 chordoma

Total 100

Intramedullary %

Ependymoma 55
Astrocytoma 30

Hemangioblastoma  5
Other  5–10
 mixed glioma
 oligodendroglioma
 dermoid
 epidermoid teratoma

Total 100

Adapted from References [1–3]

that in adults, with a greater percentage of intramedullary 
tumors, especially astrocytomas and ependymomas (Table 
4.3) [4–6]. Of the extramedullary tumors that do develop in 
children, neuroblastomas are common; meningiomas and 
neurofi bromas are much less frequently diagnosed.
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Spinal cord tumors are relatively rare, comprising 0.5% 
of all newly diagnosed tumors and 5–12% of all primary 
CNS neoplasms, with an annual incidence of approximately 
1 case per 100 000 population per year [1–3,7–12]. The 
majority of SCT occur between the ages of 20 and 50, but 
can arise at any age. When all cases are taken into account 
(i.e. ante-mortem and post-mortem), the incidence of SCT 
appears to increase with age, such that the age groups of 0 
to 24, 25 to 44, 45 to 64 and 65 years and older have rates 
of 0.7, 1.0, 2.8 and 3.6 per 100 000 person-years, respectively 
[7]. If only ante-mortem cases are included, the incidence 
drops off dramatically for patients over 60 years of age. The 
prevalence of SCT is much lower than that of primary brain 
tumors, with a ratio of 1:4 to 1:8. Men and women develop 
SCT with equal overall incidence, although specifi c tumor 
types are known to be more common in women (i.e. men-
ingiomas) and men (i.e. ependymomas). The incidence of 
SCT does not appear to be related to social class, occupa-
tion or marital status [10]. However, among non-Hispanic 
white patients, an increased incidence has been observed 
in Jewish females and those of either gender born in Eastern 
Europe [10]. The anatomical distribution of primary SCT is 
uneven, with 50–55% of tumors arising in the thoracic spi-
nal canal, 25–30% involving the lumbosacral region and the 
remaining 15–25% affecting the cervical spinal canal and 
foramen magnum.

The most common extramedullary tumors are periph-
eral nerve sheath tumors, which include schwannomas and 
neurofi bromas, and meningiomas [1–3,7–10]. In patients 
with sporadic disease (i.e. do not have neurofi bromatosis 
[NF1, NF2]), schwannomas are the most frequently diag-
nosed peripheral nerve sheath tumors of the spine [13–15]. 
They present as a solitary lesion attached to dorsal sensory 
branches. When schwannomas occur as a component 
of NF2, they are more likely to be multifocal and spread 
throughout the neuraxis. Schwannomas have an inci-
dence rate similar to or slightly higher than meningiomas; 

however, some reports suggest they are signifi cantly more 
common than meningiomas [14]. Schwannomas account 
for approximately one quarter of all SCT and 25–35% of all 
intradural, extramedullary tumors. Specifi c incidence esti-
mates range between 0.3 and 0.5 cases per 100 000 popula-
tion per year. In most studies, the incidence is similar for 
males and females, although a few scattered reports sug-
gest these tumors are more common in males (61% versus 
39%) [13].

Meningiomas of the spine account for 12–15% of all 
meningiomas and for 20–25% of all primary SCT, making 
them the second most common spinal neoplasm [1,2,7–
10,16–18]. They are usually noted in the thoracic region 
(80%), but may occur in the cervical (17%) and lumbosac-
ral (3%) spine as well. The tumor is intradural and often 
noted near the nerve root exit sites, but does not directly 
involve the nerve root. In up to 15% of cases, there can be 
an extradural component of the mass. The mass gener-
ally presents as a solitary lesion; multiple tumors are only 
noted in 1–2% of patients, sometimes in association with 
neurofi bromatosis. Spinal meningiomas have a strong pre-
dilection for female patients, with a female to male ratio 
of up to 5:1 in some series. However, the age of onset and 
age distribution is equivalent between males and females. 
The median age at diagnosis is in the mid-50s, with the 
majority of cases occurring between 40 and 70 years of age. 
Although spinal meningiomas are rare in children, younger 
patients can develop these tumors and often have a more 
aggressive course [19]. In this younger cohort, the tumors 
have a stronger predilection for the cervical spine and are 
more often associated with predisposing factors (e.g. NF2, 
radiation exposure). Spinal trauma and exposure to ion-
izing radiation are both considered to be risk factors for 
developing a spinal meningioma [17]. However, the risk has 
been more fi rmly established in patients with intracranial 
meningiomas.

Spinal ependymomas most often arise as an intra-
parenchymal mass or as an intradural, extramedullary 
lesion in the lumbosacral spine [1,2,7–10]. They comprise 
approximately 35% of all CNS ependymomas and 13–15% 
of all spinal tumors. Ependymomas are the most common 
intramedullary SCT in adults and account for 55–60% of 
all cases [20–22]. The tumor can develop at any age, but 
has a typical onset in the middle adult years. Although 
some studies show an equal distribution between male 
and female patients, the majority of reports suggest a male 
predominance. Intramedullary ependymomas have a pre-
dilection for the cervical spinal cord, such that 60–70% of 
tumors arise from or extend into this region. Syringomyelia 
is associated with ependymomas of the spinal parenchyma 
in two-thirds of cases, especially those arising in the cer-
vical cord. In 40–45% of patients, intradural ependymo-
mas originate from the conus medullaris (30%) or fi lum 
terminale (65%) within the lumbosacral thecal sac, and 
are considered to be extramedullary tumors [2,20,23]. 

T A B L E  4 - 3  Clinically important primary spinal cord tumors 
in children

Extramedullary % Intramedullary %

Extradural  Astrocytoma 15
Neuroblastoma 16 Ependymoma 13
Ganglioneuroma  3 Hemangioma  3
Osseous  2 Ganglioglioma  1
Other  5 Other  5
Intradural    lipoma
Dermoid  9   oligodendroglioma
Teratoma  8   epidermoid
Neurofi broma  7   dermoid
Lipoma  4
Meningioma  3
Schwannoma  2

Adapted from References [4–6]



The vast majority of these lesions are of the myxopapillary 
histological subtype. Myxopapillary ependymomas account 
for approximately 15–18% of all spinal ependymomas and 
tend to affect young adults, with a mean age of onset of 36 
years. Similar to their intramedullary counterparts, ependy-
momas of the cauda equina region tend to have a male pre-
dominance, with a male to female ratio of 1.7:1 to 2:1 [23].

Spinal astrocytomas are relatively uncommon and 
only account for 3–4% of all CNS astrocytomas, with an 
incidence of 0.8–2.5 cases per 100 000 population per year 
[1,2,11,12]. In adults, they comprise 7–10% of all primary 
SCT and 30–35% of all intramedullary SCT. In children, they 
tend to be more common and are the most frequently diag-
nosed intramedullary tumor, comprising 90% or more of 
primary SCT in patients less than 10 years of age, and up 
to 60% of primary SCT in adolescents [4,6]. Although spi-
nal astrocytomas can occur at any age, they usually affect 
young adults, with an onset of symptoms between 30 and 
35 years of age. Gender distribution between male and 
female patients is fairly even in some series, while others 
would suggest a slight male predominance [24]. The tumor 
arises in the cervical spinal cord or cervicothoracic region 
in approximately 60% of patients. Lesions of the lower tho-
racic and lumbosacral cord, conus medullaris and fi lum 
terminale are less common. Tumors spanning the entire 
spinal cord (i.e. holocord tumors) can occur, but are very 
rare. In up to 40% of cervical and upper thoracic cases, 
there may be an associated syringomyelia.

Hemangioblastomas are slowly growing, highly vascu-
lar tumors of the spinal cord that can occur sporadically 
(75–80%) or in association with von-Hippel-Lindau syn-
drome (VHL; 20–25%) [2,12,25,26]. The tumor is usually 
a solitary mass in sporadic cases, but can be multifocal in 
patients with VHL. Hemangioblastomas account for 2–8% 
of all intramedullary SCT and are the third most common 
intramedullary tumor. They can arise anywhere within the 
spinal cord, but have a predilection for the cervical and tho-
racic regions. This predilection for the cervical cord is more 
pronounced in patients with VHL. The mass is entirely 
intramedullary in 30% of cases, but more often will have 
intramedullary and extramedullary components (50–55%). 
In 15–20% of cases the lesion is located completely within 
the extramedullary compartment. The tumor usually affects 
young adults, with an age of onset between 35 and 40 years; 
it is relatively uncommon in pediatric patients. In patients 
with VHL, the age of onset tends to be 5–10 years earlier. 
Males are affected more often than females, with a male-
to-female ratio of 1.7:1.

Spinal cord oligodendrogliomas are uncommon intra-
medullary tumors that represent 1–2% of all primary SCT 
and 1.5–2% of all CNS oligodendrogliomas [1–6,27–29]. 
They usually arise in the thoracic (30%) and cervical (25%) 
portions of the cord, but can involve multiple regions (e.g. 
thoraco-lumbar, 15%; holocord, 7.5%) and the lumbar 
spine (5%). The tumor is most often diagnosed in young 

adults, however, children and adolescents can be affected. 
There appears to be an even distribution between male and 
female patients.

Other less common neoplasms that may involve the 
spine include lipomas, maldevelopmental tumors (e.g. ter-
atoma, dermoids, epidermoids), paragangliomas, chor-
domas, chondrosarcomas, sarcomas and lymphomas 
[1–6,10,30,31]. Lipomas account for 1% of all intramedul-
lary tumors and are the most common dysembryogenic 
lesion of the spine [32]. They are not true neoplasms and 
most likely arise from an inclusion of mesenchymal tissue 
within the spine. Dermoids, epidermoids and teratomas can 
be intramedullary or extramedullary, but tend to involve the 
thoracolumbar and lumbar spine. Epidermoid tumors are 
more common in male patients. Paragangliomas are tumors 
of neural crest origin that usually arise from the fi lum termi-
nale or cauda equina. Chordomas of the spine account for 
4% of all spinal tumors and 11–15% of all CNS chordomas 
[33]. They are most often diagnosed in the fourth decade of 
life and have a predilection for males, with a male-to-female 
ratio of 2:1. Chondrosarcomas of the spine account for 4–8% 
of all chondrosarcomas and have a male-to-female ratio 
of 1.5:1 [34]. They involve the true vertebrae in 30–35% of 
patients (usually thoracic) and affect the sacrum in another 
third. The age at presentation ranges between 45 and 50 
years in most series. Primary sarcomas of the spine are very 
rare and account for 0.7% of all CNS tumors and 5.6% of 
all SCT [35]. Lymphomas of the spine are usually of B-cell 
origin and can arise within the spinal cord parenchyma 
or extradurally; 13% will have bony involvement [31]. The 
onset of symptoms is typically in the fi fth to seventh decade.

EPIDEMIOLOGY OF INTRAMEDULLARY 
SPINAL CORD METASTASES

Intramedullary spinal cord metastases (ISCM) are an 
uncommon neurological complication of systemic cancer 
[36]. In comparison to neoplastic epidural spinal cord com-
pression (see Chapter 7), ISCM are diagnosed much less fre-
quently, with an incidence approximately one sixteenth as 
high [36,37]. ISCM are estimated to affect between 0.5 and 
2.0% of all patients with cancer, representing only 8.5% of 
all CNS metastases, and comprise 1–3% of all intramedul-
lary SCT [37–40]. However, the true incidence may be some-
what higher, since ISCM are noted in 2–4% of all cancer 
patients studied at autopsy, suggesting that many patients 
with this complication never become symptomatic.

ISCM can arise from any primary systemic neoplasm, 
but are due to lung cancer in 50–60% of cases (Table 4.4) 
[37–40]. Small cell lung carcinoma (SCLC) accounts for 
approximately half of these cases, but any of the other 
histological subtypes can be involved. Overall, ISCM are 
estimated to occur in up to 5% of patients with SCLC, but 
only 1% or so in patients with non-SCLC [39,41,42]. Other 
primary malignancies with a tendency to metastasize to 
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the spinal cord include breast cancer (10–13% of all ISCM), 
melanoma (9%), renal cell carcinoma (5–9%), lymphoma 
(5%), colorectal cancer and other gastrointestinal malig-
nancies (3%), thyroid carcinoma (2%) and ovarian can-
cer (1–2%) [43–46]. The presence of ISCM suggests an 

advanced form of cancer and biologically aggressive dis-
ease. For example, at the time of diagnosis of ISCM, 55–60% 
of patients will already have been diagnosed with brain 
metastases and another 25% will have leptomeningeal 
metastases [37].

The mean age at presentation of ISCM in the literature 
is 58 years, with a range of 38 to 78 years [37–40]. Males 
are affected more often than females (64% versus 46%), 
but there does not appear to be any predilection for spe-
cifi c ethnic or racial groups. ISCM are distributed fairly 
evenly along the spinal cord parenchyma in most stud-
ies, affecting the cervical, thoracic and lumbar regions in 
24%, 22% and 28% of cases, respectively. However, some 
reports would suggest a mild preponderance of involve-
ment in the conus medullaris as, for example, the study by 
Schiff and O’Neill, in which the conus accounted for over 
half the cases [37]. The metastatic deposits are solitary in 
the majority of patients, with multifocal disease noted in 
approximately 15% [39]. ISCM usually occurs in the context 
of a well-established diagnosis of cancer. However, in some 
patients, ISCM can be the initial presentation of systemic 
cancer. This has been noted in up to 22.5% of ISCM patients 
in some reports [37].

T A B L E  4 - 4  Percentage of intramedullary spinal cord 
metastases by primary tumor site

Primary type %

Lung 50–60
 SCLC 50–55
 Non-SCLC 45–50
Breast 10–13
Melanoma  9
Renal cell  5–9
Lymphoma  5
Colorectal & GI  3
Thyroid  2
Ovarian  1–2

Adapted from references [37–46]. SCLC: small cell lung carcinoma, 
GI: gastrointestinal
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INTRODUCTION
The epidemiology of primary spinal cord tumors (SCT) 

was reviewed in detail in Chapter 4. In this chapter, we will 
provide an overview of the classifi cation, pathology and 
treatment of the common primary SCT. Primary SCT will 
be diagnosed in approximately 1500–2000 new patients 
this year and are associated with signifi cant morbidity and 
mortality [1–6]. Of the estimated one patient per 100 000 
population that will develop a primary SCT this year in the 
USA, the majority will have an intradural, extramedullary, 
low-grade neoplasm such as a schwannoma, meningioma 
or neurofi broma. Less often, the tumor will be intramed-
ullary and arise from the spinal cord parenchyma, such as 
an ependymoma or astrocytoma. Although high-grade SCT 
derived from parenchymal cells or surrounding tissues are 
occasionally noted, they are infrequent in comparison to 
their counterparts in the brain.

PATHOLOGY OF SELECTED PRIMARY 
SPINAL CORD TUMORS

Similar to the situation discussed in Chapter 2 for 
primary brain tumors (PBT), specifi c knowledge of SCT 
pathology is necessary before therapeutic strategies can be 
fi nalized. In addition to assisting with treatment decisions, 
tumor classifi cation and grade can provide important prog-
nostic information for patients and families. This chapter 
will follow the World Health Organization (WHO) classifi -
cation that separates nervous system tumors into different 
nosological entities and assigns a grade of I to IV to each 
lesion (Table 5.1), with grade I being biologically benign and 
grade IV being biologically most malignant and having the 
worst prognosis [7,8]. Within the WHO classifi cation, tumors 
of neuroepithelial and meningeal origin, as well as tumors 
of the cranial and spinal nerves, are the most clinically rel-
evant groups when considering primary SCT pathology.

In general, the histologic features of primary SCT are 
similar to the same type of tumor when it occurs in the 

brain or intracranial cavity [7,8]. However, the distribution 
of histological variants and grade may be different for a 
given tumor type when it develops in the spine as opposed 
to the brain. Tumors arising in the extramedullary compart-
ment are most common and represent 88–90% of all pri-
mary SCT. Of this large and diverse group, schwannomas, 
meningiomas, neurofi bromas, myxopapillary ependymo-
mas, chordomas and hemangioblastomas are most fre-
quently diagnosed.

Schwannomas
On gross pathological inspection, spinal schwannomas 

appear as discrete, rounded, fi rm, encapsulated masses 
arising from a nerve fascicle. The tumors may have variable 
amounts of cyst formation, yellowish areas of xanthoma-
tous changes and hemorrhage. During the early ‘intraneu-
ral’ phase of growth, the tumor is fusiform in shape, similar 
to neurofi bromas [3,7–10]. As the tumor enlarges, the adja-
cent nerve fascicles are compressed and displaced eccen-
trically. The nerve fascicles are usually not infi ltrated by, 
or encased within, the mass, although they may be incor-
porated superfi cially into the tumor capsule. On micro-
scopic examination, ‘classic’ schwannomas are composed 
of a heterogeneous, biphasic architecture that contains two 
distinct regions: Antoni A and Antoni B (Figure 5.1) [9]. 

CHAPTER 5

Overview of Pathology and Treatment
of Primary Spinal Cord Tumors
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In most tumors, the Antoni A regions predominate and 
are organized into dense, compact rows or arrays of elon-
gated, spindle-shaped cells that have hyperchromatic, rod-
shaped nuclei and eosinophilic cytoplasm. The nuclei are 
often aligned into palisades that alternate with dense, anu-
clear zones of fi brillar eosinophilic material; these struc-
tures are called Verocay bodies. In some tumors, the cell 
bundles form whorls of various sizes. The Antoni B regions 
are loosely organized and composed of large, vacuolated, 
pleomorphic stellate cells with pyknotic or irregular nuclei. 
Areas of microcystic change, hyalinization of blood ves-
sels, hemorrhage with perivascular hemosiderin deposi-
tion, lipid accumulation and nuclear degenerative atypia 
are common. Mitoses and nuclear pleomorphism can be 
seen on occasion, but do not imply malignant potential. In 
addition to the ‘classic’ microscopic appearance of these 
tumors, several less common forms exist, including the cel-
lular, ancient, plexiform, melanotic and malignant schwan-
noma variants [9].

Meningiomas
Spinal meningiomas have meningothelial cell ori-

gins and are derived from neoplastic arachnoidal cap cells 
embedded within the dura of the spinal canal [7,8,11]. The 
tumors usually present as rounded or globoid masses, with 
a variable consistency (i.e. soft to fi rm), that are attached to 
the dura and arise near the nerve root sleeve. Less often, the 
mass will have a carpet-like or ‘en plaque’ confi guration, 
extending along the dura. Cervical meningiomas are most 
likely to have an anterior location, while thoracic cases tend 

to occur more laterally. The microscopic features of spinal 
meningiomas are similar to meningiomas of the intracra-
nial cavity (see Chapter 2), with the same spectrum of his-
tological variants as recognized by the WHO. Meningioma 
subtypes that have a more indolent nature and low risk for 
aggressive growth or recurrence are classifi ed as WHO grade 
I and include the meningothelial, fi brous/fi broblastic, tran-
sitional (mixed), secretory, psammomatous, angiomatous, 
microcystic, lymphoplasmocyte-rich and metaplastic vari-
ants [12,13]. Highly calcifi ed, psammomatous lesions are 
the most frequent subtype noted in the spine. The histolog-
ical features common to most low-grade meningiomas are 
the presence of whorls (tightly wound, rounded collections 
of cells), psammoma bodies (concentrically laminated 
mineral deposits that often begin in the center of whorls), 
intranuclear pseudoinclusions (areas in which pink cyto-
plasm protrudes into a nucleus to produce a hollowed-out 
appearance) and rare pleomorphic nuclei and mitoses 
(Figure 5.2). In general, high-grade meningiomas, espe-
cially atypical and anaplastic varieties (WHO grades II and 
III, respectively), are rare in the spinal meninges. However, 
the clear cell variant (WHO grade II) is often noted in the 
lumbar region, an unusual location for other subtypes.

Neurofi bromas
On gross pathological examination, spinal neurofi bro-

mas are soft, well-circumscribed, pedunculated and unen-
capsulated gelatinous masses of a whitish or opalescent 
color [3,7,8,10]. Regions of cyst formation, xanthomatous 
changes and hemorrhage are not seen as commonly as they 
are with schwannomas. During initial phases of growth, 
the tumor infi ltrates the parent nerve, causing a localized, 

FIG. 5.1. Spinal schwannoma. Classic schwannoma demon-
strating biphasic architecture composed of Antoni A and Antoni 
B regions. Antoni A regions are characterized by dense, compact 
rows of elongated, spindle-shaped cells with rod-shaped nuclei 
and eosinophilic cytoplasm. Antoni B regions are loosely organ-
ized and contain large, vacuolated, stellate cells with areas of 
microcystic change and lipid accumulation. H&E @ 400�.
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FIG. 5.2. WHO grade I spinal meningioma. High-power view 
of classic spinal meningioma, demonstrating numerous oval to elon-
gated meningothelial cells in a syncytial pattern. A solitary psam-
moma body is present in the center of the fi eld. H&E @ 400�.
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fusiform swelling. As the tumor enlarges, the parent nerve 
and those nerves around it may develop gross alterations 
of shape (e.g. ‘bag of worms’) and can become encased 
within the mass. On microscopic histological examination, 
the typical spinal neurofi broma has interlacing bundles 
of fusiform Schwann cells with wavy nuclei within a 
matrix of collagen-rich and mucopolysaccharide-rich 
material (Figure 5.3). Because of the infi ltrative growth 
pattern of neurofi bromas, axons of nerve fi bers are eas-
ily demonstrated after silver impregnation of tumor tissue. 
Features common to schwannomas such as palisading, 
Verocay bodies and whorling are noted infrequently. The 
architecture and cellular appearance can vary, producing 
several subtypes: storiform perineural fi broma, pacinian 
neurofi broma, epithelioid neurofi broma and pigmented 
neurofi broma [7,8].

Myxopapillary ependymomas
Myxopapillary ependymomas arise predominantly 

in the region of the fi lum terminale and cauda equina 
and present as elongated, sausage-shaped masses with a 
smooth, lobulated surface [7,8,14,15]. The tumor is usually 
well defi ned and almost appears encapsulated, displac-
ing or compressing the nerve roots of the cauda equina, 
with only a mild tendency to infi ltrate or envelope neural 
structures. Some tumors can be quite large at presenta-
tion (e.g. 10 cm or greater in length) and are known to cause 
erosion and scalloping of the surrounding vertebral bod-
ies and sacrum. On microscopic histological examination, 
myxopapillary ependymomas are classifi ed as WHO grade 
1. Characteristic features include the presence of numer-
ous small papillary structures, each surrounded by well-
defi ned cuboidal or columnar cells, usually in a single layer 
(Figure 5.4) [15]. These cells have rounded, ependymal 

type nuclei with distinct margins and a delicate chroma-
tin meshwork, without obvious cytoplasmic processes. The 
cores of the papillae have a myxoid appearance and consist 
of a central blood vessel surrounded by a mucinous matrix, 
or are entirely fi lled by the mucinous material. In papillae 
with central blood vessels, extensive thickening and hya-
linization of the vessel wall may be seen. Other regions of 
the tumor show a looser structure, with tumor cell nuclei 
embedded in a meshwork of fi ne cytoplasmic processes. 
The processes are often arranged in a radial fashion around 
the basement membranes of blood vessels and enclose 
numerous microcystic spaces. On occasion, more compact 
gliofi brillar areas resembling typical ependymomas can be 
noted, with the presence of perivascular pseudorosettes or 
even true ependymal rosettes. Degenerative features, such 
as microvascular hyalinization, thrombosis, hemorrhage 
and hemosiderin, are often present. At the edge of the 
tumor, there is usually a sharp margin between neoplas-
tic cells and normal tissues, although in some cases nerve 
roots can be enclosed. Mitotic fi gures and other features of 
anaplasia are not usually seen.

Chordomas
Chordomas of the spine present as slow-growing, 

unencapsulated neoplasms that are locally invasive within 
bone and, in some cases, regional soft tissues [7,8,16–18]. 
A pseudocapsule may be noted around tumors that grow 
into soft tissues or the dura mater. As the tumors enlarge, 
they often stretch spinal nerves and displace blood vessels. 
Grossly, the tumors are usually reddish or purple in color, 

FIG. 5.3. Spinal neurofi broma. Typical neurofi broma demon-
strating interlacing bundles of fusiform Schwann cells with wavy 
nuclei. H&E @ 200�.

FIG. 5.4. WHO grade I myxopapillary ependymoma. 
Medium-power view of classic myxopapillary ependymoma dem-
onstrating the tumor cells forming perivascular radial arrange-
ments (i.e. rosettes; at the center), within a background mucoid 
matrix. Note that some of the blood vessel walls (center and top 
left) display mucoid degeneration. H&E @ 200�.



with a nodular appearance to the surface. Internally, the 
mass is frequently gelatinous and soft; regions that con-
tain cartilage or calcium are more fi rm. Foci of hemorrhage 
may be present and can be small or extensive. The size of 
the lesion can be quite variable, with lumbosacral tumors 
often becoming very large. On microscopic examination, 
chordomas can be grouped into several different histologi-
cal categories, including a typical pattern, a chondroid pat-
tern and tumors with features of malignant degeneration 
[16–18]. The typical or classic pattern of chordoma (65–80% 
of all cases) is distinguished by a lobular arrangement, with 
the neoplastic cells disposed in solid sheets or irregular 
intersecting cords (Figure 5.5). The sheets and cords of cells 
are set in a stroma that contains an abundant mucinous 
matrix. The individual cells are large, often with vacuolated 
eosinophilic cytoplasm and contain variable amounts of 
mucin. The cell type considered diagnostic for chordo-
mas is called physaliphorous (i.e. bubble-bearing). These 
cells are distinctively large and vacuolated, with eccentric 
nuclei (see Figure 5.5). Nuclei tend to be hyperchromatic, 
with prominent nucleoli, and rarely demonstrate atypia. 
Potentially aggressive features such as mitoses, necrosis, 
hypervascularity and spindle cells (i.e. sarcomatous degen-
eration) are typically absent or rare. Some authors con-
tend that the chondroid pattern (15–30% of all cases) is a 
separate histological variant of chordoma, although this is 
controversial [16–19]. On histological examination, chon-
droid chordomas contain regions of typical chordoma with 
physaliphorous cells, against a background of areas charac-
terized by cartilaginous matrix that have stellate tumor cells 
occupying lacunar spaces (resembling chondrocytes) [19]. 
As in typical chordoma, anaplastic or aggressive features 

such as mitoses, necrosis, hypervascularity, and spindle 
cells are typically absent or rare.

Hemangioblastomas
Hemangioblastomas are red-brown tumors that are 

well circumscribed and can arise entirely within the spi-
nal cord parenchyma, or be partly or entirely extramedul-
lary [1–3,7,8,20,21]. Intra-parenchymal tumors often have 
a superfi cial margin at the pial surface, which is usually 
covered by ectatic and tortuous blood vessels. Extra-axial 
tumors are usually well-defi ned masses growing out over 
the posterior surface of the cord, sometimes with a projec-
tion of neoplastic tissue into the cord parenchyma. In some 
cases, the tumor may appear as discrete nodules attached 
to the posterior nerve roots. Between 60 and 70% of heman-
gioblastomas are associated with a large cystic cavity, with 
the solid portion of the tumor embedded in the cyst wall as 
a mural nodule. In the spinal cord, the cysts are elongated 
syrinx cavities, which can extend over several levels above 
and below the solid portion of the tumor. The cyst usually 
contains yellow or rusty brown proteinaceous fl uid and has 
a lining that is smooth and opaque. Cystic or syrinx cavi-
ties are not formed from tumor tissue; the lining is com-
posed of a dense layer of gliotic cells that often incorporates 
Rosenthal fi bers and hemosiderin pigment. On microscopic 
examination, the predominant features of hemangioblasto-
mas are an extensive meshwork of delicate blood vessels and 
larger, sinusoidal, vascular spaces (Figure 5.6) [7,8,20,21]. 
All of these vessels have a capillary structure, with thin walls 
formed by plump endothelial cells. In between the vascular 
channels are variable numbers of intervascular or stromal 
cells arranged in strands and sheets. The cells are large and 

FIG. 5.5. Spinal chordoma. Medium-power view of classic 
or typical chordoma, demonstrating physaliphorous (bubble-
bearing) cells. Note the large size, vacuolization and eccentric 
nuclei. Mitoses, spindle cells and regions of necrosis are absent. 
H&E @ 100�.

FIG. 5.6. Spinal hemangioblastoma. High-power view of typi-
cal spinal hemangioblastoma, demonstrating the rich capillary 
network and large, vacuolated (i.e. lipid laden) stromal cells. 
H&E @ 400�.
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rounded or polygonal in shape, with abundant cytoplasm 
and small, rounded, central or eccentrically placed nuclei. 
The nuclei may occasionally have a vacuolated appearance. 
In most cells, the cytoplasm is somewhat foamy in appear-
ance and swollen by neutral lipid. Although pleomorphic, 
multinucleated or giant stromal cells may be noted in some 
cases, mitotic fi gures are extremely rare. Overall, these 
tumors are considered to be low-grade neoplasms (i.e. WHO 
grade I) and do not display intrinsic tumor necrosis or cyto-
logical evidence of malignancy.

Tumors arising in the intramedullary compartment are 
less common and represent 10–12% of all primary SCT in 
adults [1–3]. They are histologically similar to their counter-
parts in the brain, but are often of lower grade [7,8,22]. Of this 
group, ependymomas, astrocytomas, hemangioblastomas, 
maldevelopmental tumors (e.g. epidermoid) and other glial 
tumors (e.g. oligodendroglioma) are most often diagnosed.

Ependymomas
Intramedullary ependymomas are derived from the 

ependymal lining cells of the central canal and arise as well 
circumscribed masses within the spinal cord parenchyma 
(usually in the cervical cord or at the cervico-thoracic 
junction), with very little tendency to infi ltrate adjacent 
neural tissue [7,8,22–24]. Spinal cord ependymomas are 
commonly divided into typical (WHO grade II) or ana-
plastic (WHO grade III) varieties. In addition, the WHO 
recognizes four histological variants of the typical ependy-
moma (all WHO grade II), including the cellular, papillary, 
clear cell and tanycytic subtypes, as well as two low-grade 
(grade I) forms, myxopapillary ependymoma and sub-
ependymoma. On histological examination, WHO grade II 
ependymomas are densely cellular and composed of oval 
to carrot-shaped cells, with a dense speckled nucleus and 
tapering eosinophilic cytoplasm (Figure 5.7) [22–25]. Some 
tumors have cells with a more glial appearance and more 
background fi brillarity or more epithelioid cells and archi-
tecture. Perivascular pseudorosettes, which are commonly 
observed, are circular arrangements of tumor cells that 
send processes towards vessel walls, creating a perivascu-
lar ‘nuclear-free zone’ that can be noted at low-power. Less 
commonly, true ependymal rosettes, surrounding a true 
lumen, can be observed. Ependymomas are usually glial 
fi brillary acidic protein (GFAP) positive. Anaplastic ependy-
momas (WHO grade III) are less common in the spinal cord 
and have additional features such as increased cellularity, 
mitotic activity, pleomorphic nuclei, vascular hyperplasia, 
nuclear atypia and necrosis.

Astrocytomas
Astrocytomas of the spinal cord tend to be of lower 

grade than their counterparts in the brain [1–6]. However, 
they remain infi ltrative lesions that often span four to six 
spinal cord segments at the time of diagnosis. Approximately 
50% of spinal astrocytomas are WHO grade I, 22% WHO 

grade II, 20% WHO grade III and 8% WHO grade IV 
[1,4,26,27]. Grade I tumors (i.e. pilocytic astrocytomas) are 
more common in children, but can occur in young adults. 
They typically present as a homogeneous, well-demarcated 
mass, with a gliotic surrounding margin, or as an enhancing 
mural nodule associated with a large cyst [7,8,26,27]. The 
distinctive histological feature is the presence of cells with 
slender, elongated nuclei and thin, hair-like (i.e. piloid), GFAP-
positive, bipolar processes (Figure 5.8). These cells are found 

FIG. 5.7. WHO grade II intramedullary ependymoma. High-
power view of typical intramedullary ependymoma, demonstrat-
ing a perivascular pseudorosette, surrounded by groups of cells 
with oval nuclei and scant cytoplasm. H&E @ 400�.

FIG. 5.8. WHO grade I spinal pilocytic astrocytoma. Medium-
power view of a classic spinal pilocytic astrocytoma, demonstrat-
ing numerous eosinophilic Rosenthal fi bers and astrocytic cells 
with thin bipolar processes which crisscross within the back-
ground. H&E @ 200�.



in a biphasic background, which consists of dense fi brillary 
regions alternating with loose, microcystic areas. Also fre-
quently noted are Rosenthal fi bers, which are eosinophilic, 
refractile, corkscrew-shaped deposits. Spinal astrocytomas 
of higher grade (WHO grade II–IV) are considered diffuse 
tumors and are more infi ltrative [7,8,26,27]. WHO grade II 
spinal astrocytomas are characterized by a relatively uni-
form population of proliferating neoplastic astrocytes in a 
fi brillary matrix, with minimal cellular and nuclear pleo-
morphism or atypia (Figure 5.9). Grade II tumors may 
display diffuse and intense staining with GFAP. Mitotic 
fi gures are absent and there is no evidence for vascular 
hyperplasia. Spinal anaplastic astrocytomas (AA; WHO 
grade III) are similar to grade II tumors, except for the pres-
ence of more prominent cellular and nuclear pleomorphism 
and atypia and mitotic activity (Figure 5.10). According 
to WHO criteria, the critical feature that upgrades a grade 
II tumor to an AA is the presence of mitotic activity, with 
anaplastic tumors having Ki-67 indices in the range of 
5–10% in most cases. Other features of anaplasia can be 
present, such as multinucleated tumor cells and abnormal 
mitotic fi gures. Spinal glioblastoma multiforme (GBM) is 
classifi ed as a WHO grade IV tumor and has similar his-
tological features to AA, but with more pronounced ana-
plasia (Figure 5.11) [7,8]. The presence of microvascular 
proliferation and/or necrosis in an otherwise malignant 
astrocytoma upgrades the tumor to a GBM. Vascular pro-
liferation is defi ned as blood vessels with ‘piling up’ of 
endothelial cells, including the formation of glomeruloid 
vessels. Necrosis can be noted in large amorphous areas, 
which appear ischemic in nature, or can appear as more 
serpiginous regions with surrounding palisading tumor 

cells (i.e. perinecrotic pseudopalisading). Necrosis with 
nuclear pseudopalisading is essentially pathognomonic 
for GBM. Other features of GBM that are typically promi-
nent include marked cellular and nuclear pleomorphism 
and atypia, mitotic fi gures and multinucleated giant cells, 
and pronounced infi ltrative capacity into surrounding 
spinal cord.

SURGICAL THERAPY OF PRIMARY 
SPINAL CORD TUMORS

Once it is established that a patient has a lesion that is 
likely to be a primary SCT, surgical intervention is usually 
required to provide a defi nitive diagnosis and, if possible, 
to totally remove the mass [1–6]. Recent technical advances 
have improved the results of operative therapy for SCT. 
These advances include the use of the operating micro-
scope and microneurosurgical instrumentation, bipolar 
coagulation, surgical lasers, ultrasonic aspirators, intraop-
erative ultrasound localization and the use of intraoperative 
spinal cord evoked potential monitoring. Intraoperative 
monitoring of sensory and motor evoked potentials should 
be considered for all patients undergoing surgery for an 
intramedullary spinal cord tumor [2,28]. A 50% decline in 
evoked potential amplitude during the procedure may be 
an indication of a new, possibly permanent, postoperative 
motor defi cit.

The majority of intradural extramedullary tumors are 
well circumscribed, non-infi ltrative, benign lesions that 
are amenable to complete surgical resection [1–3]. They 
typically have clear cleavage planes that allow separation 
from surrounding structures. The typical surgical approach 

FIG. 5.9. WHO grade II spinal astrocytoma. High-power view 
of a typical grade II spinal astrocytoma, demonstrating oval to 
elongated, mildly pleomorphic and hyperchromatic astrocytic 
nuclei infi ltrating into the neuropil. H&E @ 400�.

FIG. 5.10. WHO grade III spinal anaplastic astrocytoma. 
High-power view of a grade III spinal astrocytoma, demonstrat-
ing increased cellularity, nuclear pleomorphism, multinucleated 
cells and mitotic fi gures. No necrosis or vascular proliferation 
was present. H&E @ 600�.
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for spinal schwannomas and neurofi bromas is to attempt 
complete resection, which can be curative in most cases. 
The operative approach is usually a midline partial or total 
laminectomy [29–31]. The tumors are always attached to 
at least one nerve root. Schwannomas can be completely 
resected in 85–90% of cases without sacrifi ce of the par-
ent nerve root [30,31]. Radical resection is also possible 
for large, invasive tumors that extend into surrounding 
bones and soft tissues [32]. Neurofi bromas can be com-
pletely resected in 90% of cases [29]. However, in 80–90% 
of these patients, the parent nerve root must be sacrifi ced 
during tumor removal. Recurrences are rare for schwan-
nomas and neurofi bromas after complete resection. In 
patients with neurofi bromatosis and multiple neurofi bro-
mas, surgical resection is restricted to the neurologically 

symptomatic tumors [1,3,33]. For most meningiomas, a 
posterior approach with laminectomy is adequate to visu-
alize and access the tumor for resection [1–3,11,34–36]. 
Tumors placed more ventrally may require a posterolateral 
approach or pediculectomy to allow safe tumor removal 
without cord retraction. Regions of the dura infi ltrated with 
tumor should be resected when technically feasible. If com-
plete removal of the dura cannot be achieved, extensive 
electrocautery of the remaining dura should be performed. 
Cauterization of the dura instead of resection, in selected 
cases, has not been associated with signifi cantly higher 
recurrence rates [11]. Patients with schwannomas, menin-
giomas and neurofi bromas that compress the spinal cord 
and cause myelopathy do well after surgical resection, often 
with various degrees of improvement in neurological status 
(50–80% in large series) [1–6,11]. It is theorized that because 
the tumors grow so slowly, the damage to the spinal cord is 
mainly compressive and somewhat reversible, which would 
not be the case were the damage due to severe demyelina-
tion, loss of axons and ischemia. Intradural, extramedullary 
epidermoids, dermoids, lipomas and teratomas can usually 
be removed completely.

The common intramedullary tumors, especially astro-
cytomas and ependymomas, are not as easily resected as 
the extramedullary tumors, although some authors advo-
cate an aggressive approach [1–6,37–39]. Because these 
tumors usually lack a capsule and are more infi ltrative, it is 
more diffi cult to discern a clear cleavage plane to separate 
tumor from surrounding normal tissues. Ependymomas of 
the cauda equina and conus medullaris are often adher-
ent to surrounding neural structures and may erode into 
bone, making complete removal diffi cult without severe 
neurologic sequelae [1,14,15,40]. Gross total resection is 
recommended whenever feasible, but is only achieved in 
22–42% of cases. In most patients, subtotal or incomplete 
piecemeal removal is performed and results in frequent 
recurrences and a compromise in survival. Spinal stabili-
zation surgery (i.e. instrumentation and fusion) may also 
be of benefi t for selected patients in whom tumor involve-
ment with spinal elements has resulted in spinal instabil-
ity. Intrinsic ependymomas can be completely resected in 
a greater percentage of patients because they tend to be 
more circumscribed than ependymomas of the fi lum ter-
minale and cauda equina [1,2,23,24,40–43]. The majority 
of intramedullary ependymomas are low-grade, with very 
clear cleavage planes between tumor and surrounding nor-
mal cord tissue. For adequate visualization of the degree 
of infi ltration of the mass and the clarity of the cleavage 
plane, an adequate myelotomy must be performed that 
extends over the entire rostral-caudal extent of the tumor. 
If a clear cleavage plane is identifi ed, the goal should be 
gross total removal of all tumor tissue within the cord. 
Large tumors may require internal decompression with an 
ultrasonic aspirator or laser during the procedure. If the 
tumor is more infi ltrative and a cleavage plane cannot be 

FIG. 5.11. WHO grade IV spinal GBM. Medium-power views 
of a grade IV spinal astrocytoma, demonstrating increased cel-
lularity, cellular and nuclear pleomorphism, areas of necrosis (A) 
and microvascular proliferation (B). H&E @ 200�.
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identifi ed, then a biopsy should be obtained to establish a 
histologic diagnosis. Astrocytomas of the spinal cord vary 
in their degree of histologic malignancy and infi ltrative 
capacity. In general, they tend to be of lower grade than 
similar tumors in the brain. Low-grade tumors that do not 
demonstrate severe infi ltration into surrounding spinal 
segments can be aggressively resected, with good preserva-
tion of function and length of survival [1,2,4–6,26,27,37,38,
44–46]. The surgical approach would require a laminectomy 
in adult patients and an osteoplastic laminotomy in chil-
dren, including verifi cation of the location of the tumor and 
any associated cysts using ultrasound guidance, followed by 
a midline myelotomy. The tumor is resected using a com-
bination of suction aspiration and the ultrasonic aspirator, 
working from the inside outward. Low-grade astrocytomas 
with signifi cant infi ltration and all high-grade tumors can-
not be completely resected without risk of signifi cant injury 
to the patient. In these tumors, a biopsy or partial resection 
that does not further compromise neurologic function is 
appropriate [47–49]. Microsurgical resection is the primary 
treatment for hemangioblastomas of the spinal cord, but 
the approach will vary depending on whether the tumor 
is sporadic or associated with von Hippel-Lindau syn-
drome (VHLS) [1,2,20,21,50–52]. For patients with sporadic 
tumors, resection of the mass is often required to confi rm 
the diagnosis and is appropriate before the onset of sig-
nifi cant symptoms. In patients with VHL, the indications 
for surgery are based on the presence of signifi cant signs 
and symptoms attributable to the hemangioblastoma and 
its associated syrinx. Asymptomatic tumors should be fol-
lowed clinically and considered for resection only when the 
patient develops signifi cant signs and symptoms. For most 
patients, a direct posterior approach to the tumor will be 
adequate, including laminectomies that provide exposure 
1–2 cm above and below the rostral and caudal margins of 
the tumor [20,52]. Ultrasound guidance is usually neces-
sary to locate the mass and allow proper placement of the 
midline dural incision. The tumor is then resected in a cir-
cumferential manner, separating the tumor capsule from 
surrounding spinal cord and coagulating all of the indi-
vidual small blood vessels associated with the capsule. The 
majority of dermoids, epidermoids and teratomas can be 
partially or completely resected using standard microneu-
rosurgical techniques [1–3].

The surgical approach to extradural SCT, such as neu-
roblastoma, spinal chordoma and osteosarcoma, is to 
completely resect the tumor, if possible, or at least debulk 
the mass and relieve pressure on the thecal sac and spinal 
cord [1–3].

In general, the surgical approach to primary SCT in 
pediatric patients is similar to that of adults with the same 
type of tumor [4–6,45]. A complete surgical resection should 
be attempted in the majority of intradural, extramedul-
lary SCT and virtually all extradural tumors. For intramed-
ullary tumors, the preferred technique is osteoplastic 

laminotomy, with removal of the laminar roof in one piece 
and replacement of the entire block of tissue after resection 
of the mass. This technique allows for preservation of the 
posterior tension band, restores normal spinal anatomy and 
may result in bony fusion of the reapproximated lamina. In 
addition, there appears to be a reduced incidence of post-
operative spinal deformity.

RADIATION THERAPY OF PRIMARY 
SPINAL CORD TUMORS

The majority of patients with primary SCT will not 
require external beam radiation therapy (RT) after surgical 
resection. Patients with completely resected extramedul-
lary or extradural tumors (e.g. schwannoma, meningioma) 
should not receive RT, since it has not been shown to 
improve local tumor control or survival in this context 
[1–6,10,11,14,20,24,27,37,38,53,54]. These patients should 
be followed closely with regular neurologic examinations 
and MRI scans for evidence of SCT recurrence. At the time 
of recurrence, RT should be considered for those tumors not 
amenable to further surgical intervention [1–3,54]. Typical 
doses applied to the gross tumor volume are in the range 
of 45–55 Gy, with higher doses reserved for more histologi-
cally aggressive tumors. Other indications for RT are benign 
or low-grade SCT that cannot be completely resected, and 
all anaplastic or malignant tumors [1,2,53,54]. Radiation 
therapy is applied most often to incompletely resected or 
recurrent spinal ependymomas [1,2,14,24,55,56]. Although 
there are no controlled clinical trials, most authors agree 
that RT (50–55 Gy administered in 1.8 Gy daily fractions) 
improves local control and survival in properly selected spi-
nal ependymoma patients. Patients with high-grade tumors 
and those who have undergone incomplete resection tend 
to have shorter disease-free intervals and survival [54–56]. 
An initial study of RT for spinal ependymoma reviewed 58 
patients treated between 1950 and 1987, 43 of whom had 
received irradiation [55]. The 5- and 10-year cause-specifi c 
survival rates were 74% and 68%, respectively. Histological 
grade of the tumor was the only independent prognostic 
factor on multivariate analysis. However, RT was consid-
ered to be of benefi t in the group of patients with incom-
pletely resected tumors. In this cohort, the 5- and 10-year 
progression-free survival (PFS) rates were both 59%, and 
the cause-specifi c survival rates at 5 and 10 years were 69% 
and 62%, respectively. In a recent large multi-institutional 
review of spinal cord gliomas, 126 patients with ependy-
moma were treated, 59 of whom received postoperative RT 
[56]. Overall, the use of RT as compared to surgery alone did 
not improve PFS (P � 0.11). In addition, on univariate and 
multivariate analyses, the use of RT did not improve over-
all survival in comparison to surgery alone (adjusted haz-
ard ratio 1.12, P � 0.89). These results are similar to those 
reported by other authors, such as Sgouros and colleagues, 
who also noted that RT did not confer a survival advantage 
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[57]. However, it must be pointed out that the apparent lack 
of effi cacy of RT may be at least partially due to a selection 
bias in the data. The patients that received RT were less 
likely to undergo complete resections (20% versus 82%; 
P � 0.01) and had a signifi cantly higher percentage of high-
grade ependymomas (0% versus 21%; P � 0.01). Following 
the use of RT, spinal ependymomas generally tend to fail 
within the radiation port. Craniospinal RT (36–39.6 Gy) is 
only recommended for malignant ependymomas or tumors 
with documented leptomeningeal spread (i.e. cerebros-
pinal fl uid evaluation with positive cytology or MRI with 
unequivocal non-bulky spinal meningeal enhancement). 
Higher doses of craniospinal RT are recommended (54 Gy) 
for patients that have MRI evidence for bulky leptomenin-
geal disease [2].

Spinal astrocytomas typically require postoperative 
RT because they are more infi ltrative and cannot be com-
pletely resected as readily as ependymomas and other SCT 
[1,2,4,26,27,44–49]. For infi ltrative low-grade tumors, the 
recommended RT dose is 50–54 Gy, administered in 1.8 Gy 
daily fractions. Anaplastic or malignant tumors require a 
higher dose, usually in the range of 55.8–59.4 Gy. The sur-
vival rates following RT are signifi cantly affected by tumor 
grade. For example, in one older study, patients with low-
grade astrocytomas had a 5-year actuarial survival rate of 
89%, while patients with malignant tumors did not sur-
vive beyond 3 years [58]. A more recent study noted that 
median survival was signifi cantly shorter for high-grade 
spinal astrocytomas in comparison to lower grade tumors, 
but did not differ between AA and GBM [49]. In this study, 
the median survival was 33 months for low-grade astro-
cytomas and 10 months for both AA and GBM. Similar 
results were noted in the large retrospective study cited 
above, in their cohort of 57 spinal astrocytoma patients [56]. 
The risk of disease progression in patients with high-grade 
tumors was more than twice that of patients with low- or 
moderate-grade tumors (hazard ratio 2.67; P � 0.02). In this 
same study, multivariate analysis demonstrated a signifi -
cant risk reduction for patients with low- or moderate-grade 
tumors that received postoperative RT (adjusted hazard 
ratio 0.24; P � 0.02). However, postoperative RT did not 
appear to be benefi cial in patients with high-grade astro-
cytomas (P � 0.67). Postoperative RT did not improve over-
all survival on univariate or multivariate analyses. Similar 
to the data for ependymomas cited above, a selection bias 
was noted in the RT group in terms of a lower percentage 
of patients receiving complete resections (13% versus 53%; 
P � 0.01). Relapse of spinal astrocytomas is almost always 
local, often with dissemination to the leptomeninges. 
Nonetheless, RT is recommended for the majority of spinal 
astrocytoma patients following resection, despite the poor 
results in high-grade tumors.

Radiation therapy is an important therapeutic consider-
ation for many patients with locally invasive spinal chordo-
mas that cannot be completely resected [59]. Unfortunately, 

chordomas have proved to be relatively radioresistant 
tumors. The clinical results in most radiation therapy tri-
als have demonstrated only modest improvements in local 
control, recurrence-free survival, and overall survival [59–
62]. In general, the best results have been in patients that 
have undergone irradiation and an aggressive partial resec-
tion. For example, York and colleagues studied 27 patients 
with sacral chordomas and noted a signifi cant difference in 
disease-free interval (24 months versus 8 months; P � 0.02) 
for patients receiving irradiation after subtotal resection 
[63]. In a study of 21 patients with chordomas of various 
sites, Keisch and colleagues concluded that irradiation pro-
longed the time to fi rst relapse for tumors of the lower spine 
and sacrum, but not for tumors of the skull base [61]. The 
overall 5- and 10-year actuarial survival rates were 74% and 
46%, respectively. Irradiation of chordomas with charged 
particles (i.e. protons, helium, neon, carbon) has shown 
promise as a more effi cacious therapeutic option [59,64,65]. 
The high linear energy transfer of charged particles allows 
for a more defi ned and superior dose distribution (i.e. 
steeper fall-off in dose). Higher doses can be prescribed to 
the tumor volume with minimal risk of augmented toxic-
ity to surrounding delicate structures (i.e. spinal cord). In 
a study using helium and neon particles, Berson and col-
leagues treated 25 patients with chordomas of the skull base 
and cervical spine and reported a 5-year local control rate 
of 55% [60]. For patients with unresectable sacral chordo-
mas, carbon ion radiotherapy has also been effective [65]. 
The overall 5-year local control rate was 96%, with a 5-year 
overall survival rate of 52%.

A new technique being applied to selected primary SCT 
is the CyberKnife, an image-guided frameless stereotactic 
radiosurgery system [66]. In a series of 125 spinal tumors, 
including 17 extramedullary lesions (e.g. neurofi broma, 
meningioma), the mean dose was 14 Gy at the 80% isodose 
line (range 12–20 Gy). The treatment was well tolerated by 
patients. During follow-up evaluation that ranged from 6 to 
27 months, all of the primary tumors remained stable.

The spinal cord is sensitive to the effects of radiation 
[1,2,54]. Overdosage must be avoided to reduce the risk 
of radiation-induced myelopathy, which is irreversible. 
The accepted spinal cord tolerance level is 5000–5500 cGy, 
administered over 5–6 weeks using 180–200 cGy daily frac-
tions. This is the appropriate dose for most spinal ependy-
momas and astrocytomas. Above this dose, the therapeutic 
index falls sharply, so that the probability of myelopathy 
is 50% at 6500 cGy. The thoracic spinal cord segments are 
most radiation sensitive, while the cauda equina is least 
sensitive.

CHEMOTHERAPY OF PRIMARY SPINAL 
CORD TUMORS

There is a paucity of data to evaluate the effi cacy of 
chemotherapy for the treatment of primary SCT. Because 



most of these tumors are histologically benign and respond 
well to surgical and/or radiation therapy, chemotherapy 
is rarely indicated. For gliomatous SCT that progress after 
surgery and RT, chemotherapy similar to that used for intra-
cranial gliomas can be attempted [1,67–69]. However, due 
to the rarity of SCT that require chemotherapy, no phase III 
or large phase II trials have been reported. All of the avail-
able data have been from case reports or small institutional 
series that contain a handful of patients. Chemotherapy 
agents with potential activity include nitrosoureas (BCNU, 
CCNU), procarbazine, vincristine, etoposide, cyclophos-
phamide, temozolomide and carboplatin.

Patients with spinal cord astrocytomas have been 
treated with several forms of chemotherapy by a variety 
of authors [67–76]. The initial reports were in pediatric 
patients, including a 13-year-old girl with a thoracic AA that 
was treated with partial resection, multidrug chemotherapy 
and irradiation [70]. The chemotherapy regimen consisted 
of ifosphamide and etoposide alternating with cisplatin 
and cytarabine. Follow-up after RT demonstrated a com-
plete response (CR) that was maintained for 16 months. 
Bouffet and co-workers, in their review of prognostic fac-
tors in spinal astrocytomas, reported a series of nine chil-
dren that had received chemotherapy [72]. In three of these 
patients, chemotherapy was the sole mode of treatment, 
while in the other six patients it was used in combination 
with RT. Partial responses (PR) were noted in two of the 
patients that had only received chemotherapy. The same 
authors have also reported a 30-year-old patient with a 
grade II astrocytoma that was treated with neoadjuvant 
chemotherapy (carboplatin and vincristine) [71]. Treatment 
with the regimen over eleven cycles resulted in a CR, with 
improved neurological function, that was maintained dur-
ing 14 months of follow-up. Allen and colleagues enrolled 
13 pediatric patients with spinal astrocytomas (AA 8, 
GBM 4) into the Children’s Cancer Group 945 protocol, 
which used two cycles of ‘8-drugs-in-1-day’ chemother-
apy before RT, and up to eight cycles afterwards [73]. The 
regimen included vincristine, carmustine, procarbazine, 
hydroxyurea, cisplatin, cytarabine, prednisone and cyclo-
phosphamide. Pre-RT chemotherapy resulted in three 
objective responses (CR 1, PR 2) in evaluable patients. 
However, the 5-year PFS and overall survival were only 
46% and 54%, respectively. The authors concluded that 
‘8-drugs-in-1-day’ chemotherapy did not offer a therapeutic 
advantage over the more traditional approach using CCNU 
and vincristine. Lowis and co-workers describe two pediat-
ric patients with spinal cord astrocytomas that had excel-
lent responses to multiagent chemotherapy [74]. The fi rst 
was a 19-month-old child with a spinal AA, that progressed 
after partial resection. Chemotherapy was used instead of 
RT because of the young age, and consisted of carboplatin, 
vincristine, cyclophosphamide, methotrexate and cisplatin. 
The patient improved neurologically and developed a CR 
that remained durable at 29 months follow-up. An excellent 

response was also noted in the other patient, a 4-year-old 
with a grade II astrocytoma, treated neoadjuvantly with car-
boplatin and vincristine. Similar responses have been noted 
in a report of three very young patients (26 to 41 months 
old) with low-grade gliomas of the spinal cord (pilocytic 
astrocytoma 2, ganglioglioma 1), treated with monthly sin-
gle agent carboplatin (560 mg/m2) [69]. Two of the patients 
developed PR, while the other had stable disease, all of 
which remained durable during 5 to 17 months follow-up. 
In another series of spinal cord gliomas in young children 
(age range 3 months to 9.5 years), Doireau and colleagues 
used an aggressive brain regimen consisting of carboplatin, 
procarbazine, vincristine, cisplatin, etoposide and cyclo-
phosphamide [68]. After a 16-month course of chemother-
apy, there were four patients with a CR, three with a PR, and 
one with stable disease. The overall survival rate was 87.5%, 
with an event-free survival rate at 2 and 4 years of 50%. 
Henson and co-workers described an adult patient with a 
low-grade astrocytoma of the conus medullaris that initially 
responded well to RT [75]. Two years later the patient had 
clinical and MRI progression and was placed on cisplatin 
and etoposide. However, after further progression he was 
placed on PCV (procarbazine, CCNU, vincristine), which 
induced tumor shrinkage on MRI and improvement in neu-
rological function. The response was durable for 23 months 
(11 cycles) before disease progression. Temozolomide has 
been shown to be active in low-grade gliomas of the brain, 
and is now being applied to spinal gliomas. A recent report 
describes the use of temozolomide (200 mg/m2/day � 
5 days every 4 weeks) in two teenage patients with low-
grade spinal astrocytomas [76]. Each patient was treated for 
a total of 10 cycles and had stabilization of disease clinically 
and by MRI scan.

There are very few published reports of patients with 
spinal ependymomas receiving chemotherapy [67]. The 
largest experience is from Chamberlain, who describes 
the use of oral etoposide (50 mg/m2/day � 21 days every 5 
weeks) in a series of 10 adult patients with recurrent spinal 
cord ependymoma [77,78]. There were two patients with a 
PR and fi ve patients with stable disease. The overall median 
response duration and median survival were 15 months 
and 17.5 months, respectively. A case report has also been 
described of a teenager with a progressive spinal myxopap-
illary ependymoma that was treated with the combination 
of tamoxifen (60 mg/m2/day) and etoposide (50 mg/m2/
day), for three weeks each month [79]. The patient had a PR 
that was durable at 19 months follow-up.

MOLECULAR OR ‘TARGETED’
TREATMENT

There are very few published reports specifi cally examin-
ing the molecular biology of primary SCT [80–82]. However, 
it is likely that many, if not all, of the genetic alterations noted 
in intracranial gliomas are involved in the transformation and 
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malignant phenotype of SCT (see Chapter 2). It has become 
apparent that the transformed phenotype of neoplastic glial 
tumor cells is highly complex and results from the dysfunc-
tion of a variety of interrelated regulatory pathways [83–85]. 
The transformation process involves amplifi cation or over-
expression of oncogenes in combination with loss or lack of 
expression of tumor suppressor genes. Oncogenes and sig-
nal transduction molecules that have been demonstrated 
to be important for gliomagenesis include platelet-derived 
growth factor and its receptor (PDGF, PDGFR), epidermal 
growth factor and its receptor (EGF, EGFR), CDK4, mdm-2, 
ras, phosphoinositol-3 kinase (PI3K), Akt, and mTOR (mam-
malian target of rapamycin). Tumor suppressor genes of 
importance in glial transformation include p53, retinoblast-
oma (Rb), p16 and p15 (i.e. INK4a, INK4b), DMBT1, NF2 and 
PTEN. Most of these tumor suppressor genes function as 
negative regulators of the cell cycle, while others are inhibi-
tors of important internal signal transduction pathways. The 
net effect of these acquired abnormalities is dysregulation of, 
and an imbalance between, the activity of the cell cycle and 
apoptotic pathways.

Several reports have investigated the molecular genet-
ics of spinal ependymomas [86–89]. In one study, fi ve of 
seven patients were noted to have mutations of the NF2 
gene, which resulted in the production of a truncated 

protein product [86]. Other investigators have also found 
mutations in NF2, as well as loss of DNA sequences from 
chromosomes 22q and 17p, in sporadic intramedullary 
spinal ependymomas [87]. Another study reviewed the 
molecular aspects of a large series of 62 ependymal tumors, 
including cases from the brain and spine [88]. Allelic loss 
was noted of chromosomes 10q (5 of 56 cases) and 22q (12 
of 54 cases). In addition, somatic mutations of NF2 were 
present in six tumors, all of which were grade II intramed-
ullary spinal ependymomas. A recent report on the meth-
ylation status of HIC-1, a putative tumor suppressor gene 
on chromosome 17p13.3, reviewed the fi ndings in a series 
of 52 intracranial and spinal ependymomas [89]. There was 
a signifi cant correlation between hypermethylation of HIC-
1 and non-spinal localization of the tumor (P �0.019).

Recent advances in growth factor and signal trans-
duction biology are now providing the background for 
the development of ‘molecular therapeutics’, a new class 
of drugs that manipulate and exploit these pathways [90]. 
Molecular drugs targeting critical signal transduction path-
way effectors, such as PDGFR, EGFR, ras, PI3K and mTOR, 
have entered early clinical trials in brain tumor patients 
[91–94]. In the near future, clinicians will have the opportu-
nity to apply this new class of drugs to recurrent or progres-
sive SCT.
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INTRODUCTION
The epidemiology of intramedullary spinal cord metas-

tases (ISCM) was reviewed in detail in Chapter 4. In this 
chapter, we will provide an overview of the classifi cation, 
pathology and treatment of ISCM. Metastases to the spi-
nal cord parenchyma are very uncommon in comparison 
to primary spinal cord tumors (SCT) and neoplastic epi-
dural spinal cord compression (see Chapter 7), affecting 
only 0.5–2.0% of all cancer patients [1–5]. However, they are 
often associated with signifi cant morbidity and mortality, 
and often herald the onset of a more biologically aggressive 
and advanced form of the primary malignancy [6,7]. ISCM 
represent 8.5% of all CNS metastases and only 1–3% of all 
intramedullary SCT. Although ISCM can arise from virtually 
any primary systemic neoplasm, the vast majority are due 
to tumors of the lung and breast, malignant melanoma and 
renal cell carcinoma (Table 6.1).

PATHOLOGY OF INTRAMEDULLARY 
SPINAL CORD METASTASES

ISCM are distributed fairly evenly along the entire 
length of the spinal cord, with a possible subtle predilec-
tion for the conus medullaris [2–5,8,9]. The mechanism 
of metastatic spread of tumor cells from the primary neo-
plasm to the spinal cord parenchyma remains unclear. 
In the majority of cases, hematogenous dissemination is 
thought to be involved, usually via an arterial route [4,8]. 
This is corroborated by the common coexistence of pul-
monary and brain metastasis in patients with ISCM. In 
addition, an arterial mechanism is consistent with spinal 
necropsy data demonstrating that ISCM typically involve 
the posterior horns, which contain spinal gray matter and 
have dense capillary beds, with fi ve times the arterial per-
fusion in comparison to the surrounding spinal white mat-
ter [4,10]. Hematogenous spread through the vertebral 
venous plexus (i.e. Batson’s venous plexus) has also been 
suggested as another mechanism in some patients with 
ISCM. In these cases, tumor cells gain access to the spi-
nal cord parenchyma via retrograde movement through 
the plexus. Tumor cells may also gain access to the spinal 
cord directly from cerebrospinal fl uid in patients with pre-
existing leptomeningeal metastases [8,9]. In this situation, 
tumor cells infi ltrate the Virchow-Robin spaces of blood 
vessels entering the cord, and then penetrate the pial layer 
to gain access to spinal cord parenchyma. The last possible 
mechanism involves direct extension of tumor cells into the 
spinal cord from an adjacent primary neoplasm. The tumor 
cells are able to enter the cord parenchyma by extending 
directly through the dura or by perineural spread along 
nerve roots.

Once the metastatic bolus of cells has gained access to 
the spinal cord and has lodged within the cord parenchyma, 

CHAPTER 6

Overview of Pathology and Treatment 
of Intramedullary Spinal 

Cord Metastases
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T A B L E  6 - 1  Percentage of intramedullary spinal cord 
metastases by primary tumor site

Primary type %

Lung 50–60
 SCLC 50–55
 Non-SCLC 45–50
Breast 10–13
Melanoma  9
Renal cell  5–9
Lymphoma  5
Colorectal & GI  3
Thyroid  2
Ovarian  1–2

Adapted from references [2–5]. SCLC: small cell lung carcinoma, 
GI: gastrointestinal
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neoplastic angiogenesis is required for the tumor to grow 
to a clinically relevant size [11–13]. The angiogenic pheno-
type requires upregulation of angiogenic promoters, such as 
vascular endothelial growth factor (VEGF), fi broblast growth 
factors (basic FGF, acidic FGF), angiopoietins (Ang-1, Ang-2), 
platelet-derived growth factor (PDGF), epidermal growth 
factor (EGF), transforming growth factors (TGFα and TGFβ), 
interleukins (IL-6, IL-8) and the various growth factor 
receptors (e.g. VEGFR, PDGFR, EGFR) [12,13]. Secretion of 
angiogenesis inhibitors, such as thrombospondin-1, plate-
let factor-4 and interferons α and β, is typically reduced in 
the ISCM, further ‘tipping the balance’ in the local environ-
ment to permit angiogenic activity within and around the 
tumor mass.

On macroscopic evaluation, ISCM usually form 
rounded, discrete deposits in the spinal cord parenchyma 
that are well circumscribed and demarcated from sur-
rounding neural tissues (Figure 6.1) [4,8,9]. Foci of hemor-
rhage may be noted within the tumor and involvement of 
the posterior nerve roots is often present. On microscopic 
examination, the histological features of the ISCM are usu-
ally similar, if not identical, to those of the primary neo-
plasm (Figure 6.2) [14,15]. The tumor mass will usually have 
well defi ned borders, tending to displace adjacent spinal 
cord parenchyma without signifi cant infi ltration. Areas of 
hemorrhage and gliosis are frequently noted. Initial review 
of the tissue morphology can often identify a major tumor 
category, such as metastatic carcinoma or melanoma. 
However, in roughly 3% of ISCM cases, no known histo-
pathological tissue pattern can be discerned [16]. For a 
more detailed determination of cellular differentiation and 
assignment to a specifi c histological category, immunocyto-
chemical analysis may be required [14,15].

SURGICAL THERAPY OF 
INTRAMEDULLARY SPINAL CORD 
METASTASES

Until recently, surgical approaches to treatment of 
ISCM were not attempted, due to the frequent occurrence 
of neurological injury. Technical advances in neurosurgical 
technique have improved the results of operative therapy 
for ISCM in carefully selected patients [4,5,17,18]. These 
advances include the use of the operating microscope and 
microneurosurgical instrumentation, bipolar coagulation, 
surgical lasers, ultrasonic aspirators, intraoperative ultra-
sound localization and the use of intraoperative spinal cord 
evoked potential monitoring. Intraoperative monitoring of 
sensory and motor evoked potentials should be considered 
for all patients undergoing surgery for an ISCM [18,19]. 
A 50% decline in evoked potential amplitude during the 
procedure may be an indication of a new, possibly per-
manent, postoperative motor defi cit.

Several recent reports suggest that carefully selected 
patients with ISCM can benefi t from surgical resection 
[4,5,16–18]. Patients with a suspected ISCM that have 
an unknown primary tumor should be considered for 
a biopsy, to allow for a defi nitive pathological diagno-
sis. A more aggressive approach may not be possible for 
patients in whom the general medical condition is poor, 
with widespread systemic disease, or concomitant brain 
metastases and/or leptomeningeal disease. For the cohort 
of patients with higher functional status and well-control-
led systemic and neurological disease, an open spinal pro-
cedure should be attempted, using a similar technique 
to what has been described for primary intramedullary 
spinal cord tumors (see Chapter 5) [4,18]. If there is a clear 

FIG. 6.1. Low power view of a bronchogenic carcinoma meta-
static to the cervical spinal cord, demonstrating gliotic tissue sur-
rounding the focus of tumor. H&E @ 200�.

FIG. 6.2. High power view of the same intramedullary metas-
tasis, revealing features of an adenocarcinoma, with the forma-
tion of complex glandular structures, as well as pleomorphic and 
hyperchromatic nuclei. H&E @ 400�.
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cleavage plane between the tumor margin and the sur-
rounding normal spinal cord parenchyma, an aggressive 
gross total resection should be performed. If a clear cleav-
age plane cannot be discerned, a biopsy and decompressive 
laminectomy will be suffi cient to allow for the development 
of an appropriate treatment plan. Using this treatment 
paradigm, Gasser and colleagues reviewed their experi-
ence with surgical therapy in a series of 13 patients with 
ISCM [18]. They were able to accomplish complete surgi-
cal removal of the tumor in six patients and an incomplete 
resection in the remaining seven patients. Eleven of the 13 
patients were clinically stable in the postoperative period. 
The histology of the primary tumor appeared to affect the 
extent of resection and surgical outcome. A complete resec-
tion was possible for all ISCM from adenocarcinomas. 
However, tumors derived from sarcomas and poorly differ-
entiated carcinomas could only be incompletely resected 
due to poor cleavage planes.

RADIATION THERAPY OF 
INTRAMEDULLARY SPINAL CORD 
METASTASES

The most common method of treatment for patients 
with ISCM has been a combination of dexamethasone 
and external beam irradiation of the spine [2–7,16,17]. 
Dexamethasone is able to acutely reduce peritumoral 
edema and can improve pain and neurological function in 
up to 85% of patients [17]. The use of dexamethasone pro-
vides neurological stabilization in the majority of patients 
while they are being prepared for more defi nitive therapy. 
Fractionated external beam radiotherapy (RT) is the treat-
ment modality of choice for the vast majority of patients 
with ISCM, even if they have undergone an aggressive sur-
gical resection [2–5,16,17,20]. Initial reports suggested that 
ISCM were often multiple and that RT of the entire spinal 
cord was necessary [7–9]. However, this approach often led 
to severe bone marrow toxicity and hematologic compro-
mise. In the era of magnetic resonance imaging (MRI) of the 
spine, it is now known that ISCM are usually solitary lesions 
and that multifocal disease only occurs in approximately 
12–15% of patients [2,4,21]. Therefore, focal RT to the site of 
the lesion, with a 1–2 cm margin above and below the mass, 
will be appropriate for most patients. Various RT treatment 
schedules have been used, but most authors suggest a total 
dose between 30 and 40 Gy, administered in daily fractions 
of 200–300 cGy, over 2–3 weeks [2–5,16,17].

The clinical response to RT is variable depending on 
several key factors, including the histology and radiosensitiv-
ity of the ISCM, the duration of the symptoms and the extent 
of the neurological defi cit at the time of treatment initiation. 
Irradiation is very effective in radiosensitive tumor types, 
such as small cell lung carcinoma, lymphoma and germ cell 
tumors [2–5,16,17,22]. Clinical stabilization or improvement 
can also be noted in patients with less sensitive tumors, 
including those from breast, prostate, ovary and non-small 

cell lung carcinoma [2–5,16,17,23,24]. However, it must be 
noted that even some tumors that are traditionally consid-
ered to be insensitive to RT, such as renal cell carcinoma, can 
be stabilized if the treatment is initiated early in the course of 
ISCM [25]. Overall, it appears that early diagnosis and treat-
ment of ISCM is even more important than sensitive histol-
ogy [2,4,7,16,17]. The majority of patients, regardless of ISCM 
histology, will have the potential for clinical and neurologi-
cal stabilization if RT (� surgical resection) and dexametha-
sone are utilized before the onset of signifi cant spinal cord 
damage and weakness (i.e. myelopathy with paraparesis or 
tetraparesis). If RT and dexamethasone are initiated while 
the patient is still ambulatory, the prognosis for stabilization 
of function is very good. Regardless of the histologic subtype, 
if treatment of ISCM is started after the onset of severe mye-
lopathy and limb weakness, the likelihood of any signifi cant 
recovery is poor.

A new radiotherapy technique under evaluation for 
ISCM is image-guided, frameless stereotactic radiosurgery 
[26–28]. Several reports by Ryu and co-workers suggest that 
single-dose radiosurgery, given as a boost after RT (6–8 Gy) or 
as ‘stand alone’ treatment (10–60 Gy), can be safely delivered 
to the spine, is well tolerated, and often results in rapid pain 
control [26,27]. In their series, the incidence of tumor recur-
rence or progression into adjacent spinal regions was only 
5%. Using the CyberKnife radiosurgery system, Gerszten and 
colleagues have described their experience in a series of 125 
patients with spinal tumors, including 108 with metastatic 
lesions [28]. For the entire cohort, the mean dose was 14 Gy 
at the 80% isodose line (range 12–20 Gy). The treatment was 
well tolerated by patients. During follow-up evaluation that 
ranged from 6 to 27 months, most of the metastatic tumors 
remained stable.

CHEMOTHERAPY OF INTRAMEDULLARY 
SPINAL CORD METASTASES

Chemotherapy has occasionally been applied to 
ISCM as indicated by tumor staging and prior responses 
[2,4,5,9,16,25,29]. However, there are no chemotherapy pro-
tocols or drug strategies specifi c for ISCM. Several authors 
suggest adding chemotherapy to RT in cases with chemo-
sensitive tumors (e.g. small cell lung carcinoma, lymphoma, 
germ cell tumors, breast carcinoma) [5,16,25]. In addition, 
intrathecal chemotherapy can be used for patients with 
concomitant ISCM and leptomeningeal disease [2,4]. In 
the review of survival and prognosis by Connolly and col-
leagues, the addition of chemotherapy to RT imparted a 
signifi cant extension of survival in comparison to RT alone 
(P � 0.05) [16]. In their series, patients with melanoma had 
the best survival (43 weeks), while patients with lung and 
breast tumors only survived 19.7 and 13.0 weeks, respec-
tively. Another report reviewed the results of chemotherapy 
as the sole treatment for two patients with ISCM from small 
cell lung carcinoma [30]. The fi rst patient was treated with 
etoposide and nitrosoureas and had a partial response that 
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lasted for 6 months. The second patient received cyclo-
phosphamide, adriamycin, etoposide and cisplatin and had 
a complete response before the addition of focal RT. Several 

other patients with lung carcinoma were also reported to 
respond to similar chemotherapy regimens, usually in com-
bination with RT [6,16,30].
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INTRODUCTION
Neoplasms can compromise spinal cord function 

resulting in devastating neurological defi cits with sig-
nifi cant limitations in daily functioning, including immo-
bilizing pain and paresis. Neoplasm-related spinal cord 
dysfunction may arise from paraneoplastic involvement, 
complications of radiation and chemotherapy, leptomenin-
geal metastasis and intramedullary metastasis. Among all 
causes of myelopathies in cancer patients, epidural spinal 
cord compression (ESCC) is by far the most common, with 
signifi cant morbidities. The best evidence from autopsy 
studies suggests that ESCC affects approximately 5% of all 
cancer deaths or about 25 000 Americans yearly in the USA 
[1]. Knowledge of pathophysiology, clinical features, diag-
nostic approaches and treatment options of ESCC is essen-
tial in decreasing the potential morbidities associated with 
this entity in cancer patients.

PATHOPHYSIOLOGY
ESCC usually arises as a complication of vertebral metas-

tases. The majority of ESCC arise from lung, breast and 
prostate metastases to the vertebral column. Metastases 
generally show preference for the marrow-rich anterior ver-
tebral body where their proliferation may eventually impact 
the thecal sac and epidural space that house the spinal cord 
blood supply. Metastasis to the marrow-destitute poste-
rior vertebral arch, direct metastasis to the epidural space 
and intraspinal spread via the vertebral neural foramen are 
less common scenarios. About 60% of ESCC occurs in the 
thoracic spine, compared to about 30% in the lumbosac-
ral spine [2]. This clear predilection for the thoracic region 
is directly related to reduced potential space available for 
tumor to expand in this region compared to other areas of 
the spine. The pathophysiology of ESCC is associated with 
the size and the location of the metastasis. Moreover, path-
ological fracture from metastasis-riddled vertebral bodies 
can cause destabilization of the spine with potential cord 

compression. In addition to direct compression of the cord 
and demyelination, animal and experimental models of 
ESCC suggest that the underlying pathophysiology of ESCC 
by vertebral metastases is also associated with venous con-
gestion and vasogenic edema resulting from impingement 
of the epidural venous plexus [3]. This underlying phenom-
enon stresses the necessity of starting steroids early in the 
management of ESCC. If the impingement is not arrested, 
it ultimately leads to spinal cord infarction and irreversible 
loss of neurological function. The duration of symptoms 
of ESCC has been shown to be directly related to poten-
tial recovery after decompression. In clinical and animal 
studies, it has been shown that the rapid onset of ESCC is 
related to poor recovery of neurological dysfunction [4].

CLINICAL FEATURES
The cardinal clinical features of ESCC are pain, weak-

ness, sensory defi cits and autonomic dysfunction. Typically, 
the hallmark and sentinel symptom of ESCC is pain. As 
noted in Table 7.1, pain is present in approximately 83–96% 
of patients at the time of presentation [4]. Since early inter-
vention can dramatically improve likelihood of preservation 
of neurological function, it is essential to consider ESCC in 
cancer patients presenting with back pain and radicular 
sensory complaints. Over time, the pain associated with 
ESCC usually intensifi es, with change in distribution from 
localized to a radicular, sciatica-like quality, especially when 
involving the lumbosacral spine. Pain is usually reported to 
be worse with changes in intra-thoracic pressure, including 
coughing and straining or with position changes, likely an 
effect of further compression of the venous plexus, as seen 
especially in a state of recumbency.

Weakness is clinically the most apparent and objectifi -
able manifestation of ESCC. It is seen in 61–85% of patients 
at the time of presentation (see Table 7.1). Bilateral lower 
extremity weakness is frequently present and more severe 
with thoracic ESCC. As is seen with other myelopathies, ESCC 
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preferentially affects the fl exors of the lower extremities, 
including the iliopsoas muscles. A possible explanation of 
this could be that the naturally increased tonicity of the 
antigravity muscles is likely masking some of the underly-
ing weakness in these muscle groups. Approximately two-
thirds of all ESCC patients are non-ambulatory at the time 
of diagnosis [5].

Autonomic dysfunction, in the form of bowel and blad-
der involvement, is usually a late complication of ESCC. 
Urinary retention is typically present. With conservative 
estimates, about half of patients affected by ESCC are cath-
eter dependent at the time of diagnosis [6]. This refl ects the 
frustrating fact that most cases of ESCC are diagnosed fairly 
late in their course. Cauda equina involvement should be 
suspected if there is concomitant saddle anesthesia with 
bowel or bladder involvement.

DIAGNOSIS
With technological advances, specifi cally magnetic 

resonance imaging (MRI), radiographical evidence, rather 
than clinical localization, has become the cardinal diag-
nostic approach to ESCC [7]. With the ubiquitous pres-
ence of MRI scanners, the diagnosis of ESCC can now be 
made with confi dence, with appropriate expeditious ini-
tiation of treatment. Other approaches, including mye-
lography and computerized tomography (CT), are of 
secondary preference and are generally reserved for when 
MRI is contraindicated or as an adjunct to MRI for surgi-
cal planning. The standard MRI protocol for ESCC detec-
tion involves sagittal T1- and T2-weighted sequences with 
further axial images at the site of interest. The vertebral 
metastasis causing ESCC is usually hyperintense on T2 
sequences with visible compression. Vertebral metastases 
generally show contrast enhancement, but this yields no 
further diagnostic utility and thus intravenous contrast 
administration may be unnecessary [8]. Approximately 
one-third of patients with metastatic epidural involvement 
have multiple spinal sites of disease [2]. This substan-
tial number begets the need for imaging the entire spine 
in patients suspected of having ESCC. Surprisingly, even 
with the advent of such high yield diagnostic tools, there 

continues to be a substantial lag between the presentation 
of symptoms and the eventual diagnosis of ESCC. One 
study reported that the median lag time between presen-
tation of symptoms and actual diagnosis of ESCC was 14 
days. The delay was shorter if presenting symptoms showed 
signifi cant functional compromise, especially paralysis [5]. 
This underscores the importance of recognizing symptoms 
of ESCC quickly, with expedient utilization of intervening 
measures in a disease entity where early diagnosis greatly 
impacts treatment outcome.

PROGNOSIS
By defi nition, with ESCC of neoplastic etiology exclud-

ing primary spinal or paraspinal tumors, there is dissemi-
nated disease at the time of diagnosis, which itself is a poor 
prognosticator of overall survival. Likewise, the histological 
type and rate of dissemination of the primary cancer have 
a strong relationship with prognosis and development of 
ESCC, with primary lung tumors having the shortest time 
from diagnosis of the parent tumor to spinal cord compres-
sion [9]. As alluded to earlier, pretreatment functional sta-
tus is the strongest prognostic indicator of post-treatment 
function, especially the maintenance of ambulation. One 
retrospective study found that, of the pretreatment ambu-
latory patients, 79% remained ambulatory post-treatment 
as opposed to only 21% of the non-ambulatory patients 
becoming ambulatory post-treatment [10]. The median sur-
vival time of patients with ESCC is estimated to be about 6 
months, with survival being higher in the ambulatory cohort.

TREATMENT
The mainstays of treatment for ESCC are largely corti-

costeroids, radiotherapy and surgery. Chemotherapy is usu-
ally limited to lymphomas and germ cell tumors, given that 
most metastases that produce ESCC are not chemosensi-
tive. Usually, the available treatment options are combined 
in the complete management of ESCC. In addition, amel-
iorating pain should always be a priority. Opiates, corticos-
teroids, localized radiation and surgical intervention are 
important tools in alleviating pain in ESCC. Moreover, non-
steroidal anti-infl ammatories may be useful in decreasing 
bone pain from vertebral metastasis. As in many other neu-
rological diseases, the pretreatment level of function is the 
best prognostic indicator of post-treatment status.

Corticosteroids
Consistent with the proposed vasogenic edema 

and infl ammatory response associated with the patho-
physiology of ESCC, systemic corticosteroids have been 
shown to be effective at reducing and delaying the onset 
of symptoms, including irreversible neurological defi cits. 
Recommended doses in ESCC run the gamut from 16 g to 
100 g of dexamethasone per day. Studies have suggested that 
there is likely equal effi cacy at both ends and, as surmised, 

T A B L E  7 - 1  Clinical presentation of malignant spinal cord 
compressions

Patients Pain (%) Weakness (%) Sensory Autonomic 
   defi cits (%) dysfunction (%)

398 83 67 90 48
153 88 61 78 40
130 96 76 51 57
 79 70 91 46 44
 77 94 85 57 52

From Ref [4] Prasad D, Schiff D (2005). Malignant spinal-cord 
compression. Lancet Oncol 6:15–24.
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far less systemic steroidal side effects at lower doses [11]. 
With potential risk of gastric ulceration, gastrointestinal 
prophylaxis should be used with high dose steroids [12].

Radiotherapy
Radiation therapy has proven utility both in reducing 

pain and preserving neurological function in patients with 
ESCC. Intrinsic radiosensitivity of the tumor, the acuteness 
of onset of neurological defi cits, the extent of pretreatment 
defi cits and the extent of anatomic compression of the spi-
nal cord are all factors in the effi cacy of radiotherapy in 
ESCC [8]. As discussed earlier, multiple studies have shown 
that pretreatment function is directly correlated to post-
treatment function after radiation therapy in ESCC. For 
example, radiotherapy has shown to preserve ambulation 
in 80–100% of those ambulating pretreatment [1]. In sharp 
contrast to this, only 2–6% of paraplegic patients from 
ESCC became ambulatory post radiation treatment.

Given that the general survival rates are higher for 
patients still ambulatory at the time of treatment, the impor-
tance of expeditious and accurate diagnosis cannot be over-
stated [13]. Traditionally, radiotherapy schedules for ESCC 
were fractionated to allow non-neoplastic cells, which have 
greater restorative capabilities than tumor cells, to recover 
between doses. However, fractionation must be weighed 
against delivering an adequate dose while achieving maxi-
mal treatment benefi t with minimization of toxicity, mainly 
myelopathy, in patients with already low expected survival. 
Interestingly, recent studies suggest that short hypofraction-
ation radiation schemes are similar in functional outcome, 
with decreased treatment time and acceptable toxicity to 
more protracted courses of radiotherapy [14]. Multiple radi-
ation schedules are in use, from single fractions of 8 Gy, up 
to 30 Gy in 10 fractions [15]. Overall, radiotherapy in ESCC is 
usually well tolerated. However, cytopenias, gastrointestinal 
mucositis and diarrhea can all be complications, depending 
on the radiation dose, fractionalization schedule and size of 
the delivery fi eld. Recent advances in technology, such as 
intensity-modulated radiation therapy, continue to improve 
on the delivery of precision-guided radiation to the metas-
tases, limiting potential damage to healthy tissue.

Surgery
Typical indications for surgery for ESCC include path-

ological fracture resulting in bone fragments impinging 

on the spinal cord, radioresistant tumor and need for 
tissue for diagnosis. Surgical decompression is dependent 
in large part on the severity and location of the compres-
sion. Initial surgical decompressive interventions in ESCC 
are generally done with laminectomies and vertebral cor-
pectomies, however, followed inevitably by radiotherapy for 
residual tumor. As discussed earlier, given that most bone 
metastases in ESCC usually affect vertebral bodies, surgical 
intervention can further destabilize the already weakened 
anterior column. Nowadays, specialized cements and instru-
ment fi xation techniques help to limit such complications. 
Nevertheless, a large retrospective study found complication 
rates of approximately 48% and a 30-day mortality of about 
10% in its surgical patients [16]. On the other hand, a recent 
randomized, non-blinded, multi-institutional clinical trial 
established the potential role for aggressive decompressive 
resections combined with radiotherapy in ESCC for patients 
that could undergo a surgical procedure [17]. This study of 
101 patients supported that patients with cord compression 
treated surgically with postoperative radiation were ambu-
latory longer than patients treated with radiotherapy alone. 
With eligibility criteria that excluded patients with multiple 
sites of cord compression, total paraplegia longer than 48 
hours, or a life expectancy of less than 3 months, the gener-
alizability of this trial to the entire ESCC population remains 
uncertain. Given the recurrence rate and median survival of 
patients with ESCC, surgery has to be considered on a case-
by-case basis to provide the most complete care, yet with a 
minimization of risk in patients with short life expectancies.

RECURRENCE
Unfortunately, regardless of the potential treatment 

options available, local recurrence is estimated at about 
10% in all patients with ESCC. In fact, one prospective study 
found that ESCC recurred in 20% of patients with a median 
interval of at least 7 months, with essentially all surviving 
patients having recurrence at 3 years. Additionally, ESCC 
recurred at the same spinal level about 55% of the time [18]. 
Treatment options as discussed above, including radiother-
apy, chemotherapy and surgery, may be revisited as appro-
priate [19]. The concern of whether repeated cumulative 
irradiation may exceed the estimated spinal tolerance has 
to be carefully weighed against the potential benefi ts and 
usual short survival of these unfortunate patients.
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EPIDEMIOLOGY
Neoplastic meningitis (NM) is diagnosed in 4–15% of 

patients with solid tumors (in which case it is termed car-
cinomatous meningitis), 5–15% of patients with leukemia 
and lymphoma (termed leukemic or lymphomatous menin-
gitis, respectively) and 1–2% of patients with primary brain 
tumors [1–5]. Autopsy studies show that 19% of patients 
with cancer and neurologic signs and symptoms have evi-
dence of meningeal involvement [6]. Adenocarcinoma is 
the most frequent histology and breast, lung and melanoma 
are the most common primary sites to metastasize to the 
leptomeninges (Table 8.1) [3,7,8]. Although small cell lung 
cancer and melanoma have the highest rates of spread 
to the leptomeninges (11% and 20% respectively [9,10]), 
because of the higher incidence of breast cancer (with a 5% 
rate of spread [11]), the latter accounts for most cases in 
large series of the disorder [1,7].

NM usually presents in patients with widely dissemi-
nated and progressive systemic cancer (�70%), but it can 
present after a disease-free interval (20%) and even be the 
fi rst manifestation of cancer (5–10%), occasionally in the 
absence of other evidence of systemic disease [7,14–16].

PATHOGENESIS
Cancer cells reach the meninges by various routes:

1 hematogenous spread, either through the venous plexus 
of Batson or by arterial dissemination

2 direct extension from contiguous tumor deposits
3 through centripetal migration from systemic tumors 

along perineural or perivascular spaces [17–19].

Once cancer cells have entered the subarachnoid 
space, they are transported by CSF fl ow resulting in dis-
seminated and multifocal neuraxis seeding of the leptome-
ninges. Tumor infi ltration is most prominent in the base of 
brain (specifi cally the basilar cisterns) and dorsal surface 
of the spinal cord (in particular the cauda equina) [5,20]. 
Hydrocephalus or impairment of CSF fl ow may occur 
due to ependymal nodules or tumor deposits obstructing 

CSF outfl ow, particularly at the level of the fourth ventricle, 
basal cisterns, cerebral convexity or spinal subarachnoid 
space.

CLINICAL FEATURES
Leptomeningeal carcinomatosis classically presents 

with pleomorphic clinical manifestations encompassing 
symptoms and signs in three domains of neurological 
function:

1 the cerebral hemispheres
2 the cranial nerves
3 the spinal cord and associated roots.

Signs on examination generally exceed patient reported 
symptoms.

The most common manifestations of cerebral hemi-
sphere dysfunction are headache and mental status 
changes. Other signs include confusion, dementia, seizures 
and hemiparesis. Diplopia is the most common symp-
tom of cranial nerve dysfunction with the cranial nerve 
VI being the most frequently affected, followed by cranial 
nerves III and IV. Trigeminal sensory or motor loss, coch-
lear dysfunction and optic neuropathy are also common 
fi ndings. Spinal signs and symptoms include weakness 
(lower extremities more often than upper), dermatomal or 
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Primary site of cancer %

Breast cancer 27–50
Lung cancer 22–36
 Adenocarcinoma 50–56
 Squamous cell carcinoma 26–36
 Small cell carcinoma 13–14
Malignant melanoma 12
Genitourinary  5
Head and neck  2
Adenocarcinoma of unknown primary  2

T A B L E  8 - 1  Most frequent primary tumors [3,7,8,12,13]



segmental sensory loss and pain in the neck, back, or fol-
lowing radicular patterns. Nuchal rigidity is only present in 
15% of cases [3,7,8,15,21].

A high index of suspicion needs to be entertained in 
order to make the diagnosis of NM. The fi nding of multi-
focal neuraxis disease in a patient with known malignancy 
is strongly suggestive of NM, but it is also common for 
patients with NM to present with isolated syndromes such 
as symptoms of raised intracranial pressure, cauda equina 
syndrome or cranial neuropathy.

New neurological signs and symptoms may represent 
progression of NM, but must be distinguished from the 
manifestations of parenchymal disease (30–40% of patients 
with NM will have coexistent parenchymal brain metas-
tases), from side effects of chemotherapy or radiation used 
for treatment and rarely from paraneoplastic syndromes. At 
presentation, NM must also be differentiated from chronic 
meningitis due to tuberculosis, fungal infection or sar-
coidosis, as well as from metabolic and toxic encephalopa-
thies in the appropriate clinical setting [7,22].

DIAGNOSIS

CSF examination
The most useful laboratory test in the diagnosis of 

NM is the CSF exam. Abnormalities include increased 
opening pressure (�200 mm of H2O), increased leukocytes 
(�4/mm3), elevated protein (�50 mg/dl) or decreased glu-
cose (�60 mg/dl) which, though suggestive of NM, are not 
diagnostic. The presence of malignant cells in the CSF is 
diagnostic of NM but, in general, as is true for most cyto-
logical analysis, assignment to a particular tumor is not 
possible [23].

In patients with positive CSF cytology (see below), up 
to 45% will be cytologically negative on initial examination 
[6]. The yield is increased to 80% with a second CSF exami-
nation, but little benefi t is obtained from repeat lumbar 
punctures after two lumbar punctures [7]. Of note, a series 
including lymphomatous and leukemic meningitis by 
Kaplan et al [3] observed the frequent dissociation between 
CSF cell count and malignant cytology (29% of cytologi-
cally positive CSF had concurrent CSF counts of less than 
4/mm3). Murray et al [24] showed that CSF levels of pro-
tein, glucose and malignant cells [25] vary at different lev-
els of the neuraxis even if there is no obstruction of the CSF 
fl ow. This fi nding refl ects the multifocal nature of neoplas-
tic meningitis and explains that CSF obtained from a site 
distant to that of the pathologically involved meninges may 
yield a negative cytology.

Of the 90 patients reported by Wasserstrom et al [7], 
5% had positive CSF cytology only from either the ventri-
cles or cisterna magna. In a series of 60 patients with NM, 
positive lumbar CSF cytology at diagnosis and no evidence 
of CSF fl ow obstruction, ventricular and lumbar cytolo-
gies obtained simultaneously were discordant in 30% of 

cases [26]. The authors observed that in the presence of spi-
nal signs or symptoms, the lumbar CSF was more likely to 
be positive and, conversely, in the presence of cranial signs 
or symptoms, the ventricular CSF was more likely to be pos-
itive. Not obtaining CSF from a site of symptomatic or radio-
graphically demonstrated disease was found to correlate 
with false negative cytology results in a prospective evalua-
tion of 39 patients, as did withdrawing small CSF volumes 
(�10.5 ml), delayed processing of specimens and obtaining 
less than two samples [27]. Even after correcting for these 
factors there remains a substantial group of patients with 
NM and persistently negative CSF cytology. Glass reported 
on a post-mortem evaluation evaluating the value of pre-
mortem CSF cytology and demonstrated that up to 40% of 
patients with clinically suspected NM proven at the time of 
autopsy are cytologically negative [6]. This fi gure increased 
to greater than 50% in patients with focal NM.

The low sensitivity of CSF cytology makes it diffi cult 
not only to diagnose NM, but also to assess the response to 
treatment. Biochemical markers, immunohistochemistry 
and molecular biological techniques applied to CSF have 
been explored in an attempt to fi nd a reliable biological 
marker of disease.

Numerous biochemical markers have been evaluated 
but, in general, their use has been limited by poor sensitiv-
ity and specifi city. Particular tumor markers such as CEA 
(carcinoembryogenic antigen) from adenocarcinomas, and 
AFP (�-fetoprotein) and �-HCG (�-human chorionic gonad-
otropin) from testicular cancers and primary extragonadal 
CNS tumors can be relatively specifi c for NM when elevated 
in CSF in the absence of markedly elevated serum levels 
[18,28]. Non-specifi c tumor markers such as CK-BB (crea-
tine-kinase BB isoenzyme), TPA (tissue polypeptide anti-
gen), �2microglobulin, �-glucuronidase, LDH isoenzyme-5 
and more recently VEGF (vascular endothelial growth fac-
tor) can be strong indirect indicators of NM, but none 
are sensitive enough to improve the cytological diagno-
sis [29–34]. The use of these biochemical markers can be 
helpful as adjunctive diagnostic tests and, when followed 
serially, to assess response to treatment. Occasionally, in 
patients with clinically suspected NM and negative CSF 
cytology, they may support the diagnosis of NM [35].

Use of monoclonal antibodies for immunohistochemi-
cal analysis in NM does not signifi cantly increase the sen-
sitivity of cytology alone [36–38]. However, in the case of 
leukemia and lymphoma, antibodies against surface mark-
ers can be used to distinguish between reactive and neo-
plastic lymphocytes in the CSF [39].

Cytogenetic studies have also been evaluated in an 
attempt to improve the diagnostic accuracy of NM. Flow 
cytometry and DNA single cell cytometry, techniques that 
measure the chromosomal content of cells, and fl uorescent 
in situ hybridization (FISH), that detects numerical and 
structural genetic aberrations as a sign of malignancy, can 
give additional diagnostic information, but still have a low 
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sensitivity [40–42]. Polymerase-chain reaction (PCR) can 
establish a correct diagnosis when cytology is inconclusive, 
but the genetic alteration of the neoplasia must be known 
for it to be amplifi ed with this technique, and this is gener-
ally not the case, particularly in solid tumors [43].

In cases where there is no evidence of systemic cancer 
and CSF exams remain inconclusive, a meningeal biopsy 
may be diagnostic. The yield of this test increases if the 
biopsy is taken from an enhancing region on magnetic res-
onance imaging (MRI) (see below) and if posterior fossa or 
pterional approaches are used [44].

Neuroradiographic studies
Magnetic resonance imaging with gadolinium enhance-

ment (MR-Gd) is the technique of choice to evaluate patients 
with suspected leptomeningeal metastasis [45]. Because 
NM involves the entire neuraxis, imaging of the entire CNS 
is required in patients considered for further treatment. 
T1-weighted sequences, with and without contrast, combined 
with fat suppression T2-weighted sequences constitute the 
standard examination [46]. MRI has been shown to have 
a higher sensitivity than cranial contrast enhanced com-
puted tomography (CE-CT) in several series [45,47], and is 
similar to computerized tomographic myelography (CT-M) 
for the evaluation of the spine, but signifi cantly better toler-
ated [48,49].

Any irritation of the leptomeninges (i.e. blood, infec-
tion, cancer) will result in their enhancement on MRI, 
which is seen as a fi ne signal-intense layer that follows the 
gyri and superfi cial sulci. Subependymal involvement of 
the ventricles often results in ventricular enhancement. 
Some changes such as cranial nerve enhancement on cra-
nial imaging and intradural extramedullary enhancing 
nodules on spinal MR (most frequently seen in the cauda 
equina) can be considered diagnostic of NM in patients 
with cancer [50]. Lumbar puncture itself can rarely cause a 
meningeal reaction leading to dural-arachnoidal enhance-
ment, so imaging should be obtained preferably prior to 
the procedure [51]. MR-Gd still has a 30% incidence of false 
negative results so that a normal study does not exclude the 
diagnosis of NM. On the other hand, in cases with a typical 
clinical presentation, abnormal MR-Gd alone is adequate 
to establish the diagnosis of NM [35,50].

Radionuclide studies, using either 111indium-dieth-
ylenetriamine pentaacetic acid or 99Tc macro-aggregated 
albumin, constitute the technique of choice to evaluate CSF 
fl ow dynamics [19,51]. Abnormal CSF circulation has been 
demonstrated in 30–70% of patients with NM, with blocks 
commonly occurring at the skull base, the spinal canal and 
over the cerebral convexities [49,52,53]. Patients with inter-
ruption of CSF fl ow demonstrated by radionuclide ven-
triculography have been shown in three clinical series to 
have decreased survival when compared to those with nor-
mal CSF fl ow [52,54,55]. Involved-fi eld radiotherapy to the 
site of CSF fl ow obstruction restores fl ow in 30% of patients 

with spinal disease and 50% of patients with intracranial 
disease [56]. Re-establishment of CSF fl ow with involved-
fi eld radiotherapy followed by intrathecal chemotherapy 
led to longer survival, lower rates of treatment-related mor-
bidity and lower rate of death from progressive NM, com-
pared to the group that had persistent CSF blocks [52,54]. 
These fi ndings may refl ect that CSF fl ow abnormalities pre-
vent homogeneous distribution of intrathecal chemother-
apy, resulting in:

1 protected sites where tumor can progress; and
2 accumulation of drug at other sites leading to neuro-

toxicity and systemic toxicity.

Based on this, many authors recommend that intra-
thecal chemotherapy be preceded by a radionuclide fl ow 
study and, if a block is found, that radiotherapy be admin-
istered in an attempt to re-establish normal fl ow [18,57].

STAGING
In summary, patients with suspected NM should 

undergo one or two lumbar punctures, cranial MR-Gd, spi-
nal MR-Gd and a radioisotope CSF fl ow study to rule out 
sites of CSF block. If cytology remains negative and radio-
logical studies are not defi nitive, consideration may be 
given to ventricular or lateral cervical CSF analysis based 
on suspected site of predominant disease. If the clinical 
scenario or radiological studies are highly suggestive of 
NM, treatment is warranted despite persistently negative 
CSF cytologies.

PROGNOSIS
The median survival of untreated patients with NM 

is 4–6 weeks and death generally occurs due to progres-
sive neurological dysfunction [7]. Treatment is intended to 
improve or stabilize the neurological status and to prolong 
survival. Fixed neurological defects are rarely improved 
with treatment [18], but progression of neurological dete-
rioration may be halted in some patients and median sur-
vival can be increased to 4–6 months. Of the solid tumors 
(Table 8.2), breast cancer responds best, with median sur-
vivals of 6 months and 11–25% 1-year survivals [22,28,58]. 
Numerous prognostic factors for survival and response 
have been evaluated (e.g. age, gender, duration of signs of 

Tumor histology Median survival Range 
 (months) (months)

Breast (n � 32) [22] 7.5 1.5–16
Non-small cell lung cancer 
(n � 32) [59] 5 1–12
Melanoma (n � 16) [54] 4  2–8
High-grade glioma (n � 20) [61] 3.5 1–6

T A B L E  8 - 2  Prognosis by tumor histology



NM, increased protein or low glucose in CSF, ratio of lum-
bar/ventricular CEA), but many remain controversial [58]. 
It is commonly accepted, however, that patients will do 
poorly with intensive treatment of NM if they have poor 
performance status, multiple fi xed neurologic defi cits, 
bulky CNS disease, coexistent carcinomatous encephalop-
athy and CSF fl ow abnormalities demonstrated by radio-
nuclide ventriculography. In general, patients with widely 
metastatic aggressive cancers that do not respond well to 
systemic chemotherapies, are also less likely to benefi t 
from intensive therapy [18,52,59,60]. What appears clear is 
that, optimally, NM should be diagnosed in the early stages 
of disease to prevent progression of disabling neurological 
defi cits, analogous to the clinical situation of epidural spi-
nal cord compression.

TREATMENT
The evaluation of treatment of NM is complicated by 

the lack of standard treatments, the diffi culty of determin-
ing response to treatment given the suboptimal sensitivity 
of the diagnostic procedures and that most patients will 
die of systemic disease, and the fact that most studies are 
small, non-randomized and retrospective [58]. However, 
it is clear that treatment of NM can provide effective pal-
liation and, in some cases, result in prolonged survival. 
Treatment requires the combination of surgery, irradia-
tion and chemotherapy in most cases. Figure 8.1 outlines a 
treatment algorithm for NM.

Surgery
Surgery is used in the treatment of NM for the place-

ment of:

1 intraventricular catheter and subgaleal reservoirs for 
administration of cytotoxic drugs

2 ventriculoperitoneal shunt in patients with sympto-
matic hydrocephalus.

Drugs can be instilled into the subarachnoid space by 
lumbar puncture or via an intraventricular reservoir system. 
The latter is the preferred approach because it is simpler, 
more comfortable for the patient and safer than repeated 
lumbar punctures. It also results in a more uniform distri-
bution of the drug in the CSF space and produces the most 
consistent CSF levels. In up to 10% of lumbar punctures 
drug is delivered to the epidural space, even if there is CSF 
return after placement of the needle, and drug distribution 
has been shown to be better after drug delivery through a 
reservoir [62].

There are two basic types of reservoirs: the Rickham 
style reservoir, a fl at rigid reservoir placed over a burr hole, 
and the Ommaya reservoir, a dome-shaped reservoir that 
can be palpated easily. They are generally placed over the 
right (non-dominant) frontal region using a small C-shaped 
incision. The catheter is placed in the frontal horn of the 

lateral ventricle or close to the foramen of Monroe through 
a standard ventricular puncture. In most cases, anatomi-
cal landmarks suffi ce, but ultrasonographic or CT guidance 
can be helpful in some situations [63]. It is very important 
to be sure that the tip and the side perforations of the cath-
eter be inserted completely into the ventricle to avoid drug 
instillation into the brain parenchyma. Correct placement 
of the catheter should be checked by non-contrast CT prior 
to its use for drug administration and frequently it will show 
a small amount of air in both frontal horns [64].

NM often causes communicating hydrocephalus lead-
ing to symptoms of raised intracranial pressure. Relief of 
sites of CSF fl ow obstruction with involved-fi eld radiation 
should be attempted to avoid the need for CSF shunting. 
If hydrocephalus persists, a ventriculoperitoneal shunt 
should be placed to relieve the pressure, because relief 
of pressure often results in clinical improvement. If pos-
sible an in-line on/off valve and reservoir should be used 
to permit the administration of intra-CSF chemotherapy, 
although some patients cannot tolerate having the shunt 
turned off to allow the circulation of the drug [19].

Furthermore, in patients with persistent blockage of 
ventricular CSF, a lumbar catheter and reservoir can be 
used in addition to a ventricular catheter, to allow treat-
ment of the spine with intrathecal chemotherapy, although 
as discussed earlier, patients with persistent CSF fl ow 
blocks after radiation are probably best managed by sup-
portive care alone.

Finally, occasional patients may undergo a meningeal 
biopsy, to confi rm pathologically neoplastic meningitis. 
However, since most patients demonstrate MR leptome-
ningeal abnormalities, an abnormal CSF profi le or a clinical 
examination consistent with NM, meningeal biopsies are 
rarely performed.

Radiotherapy
Radiotherapy is used in the treatment of NM for:

1 palliation of symptoms, such as a cauda equina 
syndrome

2 to decrease bulky disease such as coexistent parenchy-
mal brain metastases; and

3 to correct CSF fl ow abnormalities demonstrated by 
radionuclide ventriculography.

Patients may have signifi cant symptoms without radio-
graphic evidence of bulky disease and still benefi t from 
radiation. For example, patients with low back pain and leg 
weakness should be considered for radiation to the cauda 
equina, and those with cranial neuropathies should be 
offered whole-brain or base of skull radiotherapy [28].

Radiotherapy of bulky disease is indicated as intra-CSF 
chemotherapy is limited by diffusion to 2–3 mm penetra-
tion into tumor nodules. In addition, involved-fi eld radia-
tion can correct CSF fl ow abnormalities and this has been 
shown to improve patient outcome as discussed above. 
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DIAGNOSIS

RADIATION TO SITE OF 
BLOCK

SUPPORTIVE CARE

NORMAL CSF FLOW

TREATMENT

CNS IMAGING

BULKY DISEASE OR SYMPTOMATIC 
SITE(S)

NO BULKY DISEASE

OMMAYA PLACEMENT
SUPPORTIVE CARE RADIATION THERAPY

OMMAYA PLACEMENT

CSF FLOW STUDY

CSF FLOW BLOCK

CSF FLOW STUDY

CSF FLOW BLOCK

SUPPORTIVE CARE

INTRA-CSF 
CHEMOTHERAPY

CLINICAL OR CYTOLOGIC RELAPSE

SUPPORTIVE CARE

SUPPORTIVE CARE

SUPPORTIVE CARE

ARA-C

CLINICAL OR CYTOLOGIC RELAPSE

thio-TEPA

CLINICAL OR CYTOLOGIC RELAPSE

INTERFERON

• Induction 
1�106U QOD TIW QWK �4 
• Consolidation 
1�106U QOD TIW QOW �2 
• Maintenance 
1�106U QOD TIW Q month

• Induction         10 mg/d�3 QW �4 
• Consolidation  10 mg/d�3 QOW �2 
• Maintenance   10 mg/d�3 Q month

• Induction         30 mg/d�3 QW �4 
• Consolidation  30 mg/d�3 QOW �2 
• Maintenance   30 mg/d�3 Q month

• Induction 2 mg/d � 5 QOW � 4 
• Consolidation 2 mg/d � 5 QOW � 2 
• Maintenance 2 mg/d � 5 Q month

METHOTREXATE

FIG. 8.1. Treatment algorithm of neoplastic meniningitis.



Whole neuraxis radiation is rarely indicated in the treat-
ment of NM from solid tumors because it is associated 
with signifi cant systemic toxicity (severe myelosuppres-
sion and mucositis among other complications) and is not 
curative.

Chemotherapy
Chemotherapy is the only treatment modality that can 

treat the entire neuraxis. Chemotherapy may be adminis-
tered systemically or intrathecally.

Intrathecal chemotherapy is the mainstay of treat-
ment for NM. Retrospective analysis or comparison to 
historical series suggest that the administration of chemo-
therapy to the CSF improves the outcome of patients with 
NM [1,22,54,65,66]. However, it is noted that most series 
will exclude patients that are too sick to receive any treat-
ment, which may be up to one-third of patients with NM 
[67]. Three agents are routinely used: methotrexate, cytara-
bine (including liposomal cytarabine or DepoCyt®) and 
thio-TEPA. No difference in response has been seen when 
comparing single agent methotrexate with thio-TEPA [18] 
or when using multiple agent (methotrexate, thio-TEPA and 
cytarabine or methotrexate and cytarabine) versus single 
agent methotrexate in adult randomized studies of NM [68–
70]. Table 8.3 outlines the common treatment regimens for 
these drugs. A sustained-release liposomal form of cytara-
bine (DepoCyt®) results in cytotoxic cytarabine levels in 

the CSF for �10 days, and when given bimonthly and com-
pared to biweekly methotrexate resulted in longer time to 
neurological progression in patients with NM due to solid 
tumors [71]. Furthermore, quality of life and cause of death 
favored DepoCyt® over methotrexate. These fi ndings were 
confi rmed in a study of lymphomatous meningitis and in 
an open label study suggesting that DepoCyt® should be 
considered the drug of fi rst choice in the treatment of NM 
when experimental therapies are unavailable [72,73].

Complications of intrathecal chemotherapy include 
those related to the ventricular reservoir and those related to 
the chemotherapy administered. The most frequent compli-
cations of ventricular reservoir placement are malposition 
(rates reported between 3 and 12%), obstruction and infec-
tion (usually skin fl ora). CSF infection occurs in 2–13% of 
patients receiving intrathecal chemotherapy. It commonly 
presents with headache, changes in neurologic status, fever 
and malfunction of the reservoir. CSF pleocytosis is com-
monly encountered. The most frequently isolated organism 
is Staphylococcus epidermidis. Treatment requires intrave-
nous antibiotics, with or without oral and intraventricular 
antibiotics. Some authors advocate the routine removal 
of the ventricular reservoir, while others reserve device 
removal for those that do not clear with antibiotic therapy. 
Routine culture of CSF is not recommended because of the 
high rate of contamination with skin fl ora in the absence 
of infection [1,5,53,64,75]. Myelosuppression can occur 

Drugs Induction regimens Consolidation regimen Maintenance regimen

 Bolus regimen CxT regimen Bolus regimen CxT regimen Bolus regimen CxT regimen

Methotrexate 10–15 mg twice  2 mg/day for 10–15 g once 2 g/day for 10–15 mg 2 mg/day for
 weekly (total  5 days every weekly (total 5 days every once a month 5 days once
 4 weeks) other week  4 weeks) other week  a month
  (total 8 weeks)  (total 4 weeks)

Cytarabine  25–100 mg 2 or 25 mg/day for 25–100 mg 25 mg/day for 25–100 mg 25 mg/day for
[71,74] 3 times weekly  3 days weekly once weekly 3 days every once a month 3 days once
 (total 4 weeks) (total 4 weeks) (total 4 weeks) other week   a month
    (total 4 weeks)
DepoCyt®  50 mg every  50 mg every
[71,74] 2 weeks (total   4 weeks (total
 8 weeks)  24 weeks)

Thio-TEPA 10 mg 2 or  10 mg/day for 10 mg once 10 mg/day for 10 mg once 10 mg/day for
 3 times weekly  3 days weekly weekly (total 3 days every a month 3 days once
 (total 4 weeks) (total 4 weeks) 4 weeks) other week   a month
    (total 4 weeks)

�-Interferon 1 � 106 U   1 � 106 U  1 � 106 U
 3 times weekly   3 times weekly  3 times weekly
 (total 4 weeks)  every other   one week per
   week (total   month)
   4 weeks)

T A B L E  8 - 3  Regional chemotherapy for neoplastic meningitis
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after administration of intrathecal chemotherapies and 
it is recommended that folinic acid rescue (10 mg every 6 
hours for 24 hours) be given orally after the administration 
of methotrexate to mitigate this complication. Chemical 
aseptic meningitis occurs in nearly half of patients treated 
by intraventricular administration and is manifested by 
fever, headache, nausea, vomiting, meningismus and 
photophobia. In the majority of patients, this infl amma-
tory reaction can be treated in the outpatient setting with 
oral antipyretics, antiemetics and corticosteroids. Rarely, 
treatment-related neurotoxicity occurs and may result in 
a symptomatic subacute leukoencephalopathy or mye-
lopathy. However, in patients with NM and prolonged sur-
vival, the combination of radiotherapy and chemotherapy 
frequently results in a late leukoencephalopathy evident 
on neuroradiographic studies, and is occasionally sympto-
matic [1,5,76].

The rationale to give intrathecal chemotherapy is 
based on the presumption that most chemotherapeutic 
agents when given systemically have poor CSF penetra-
tion and do not reach therapeutic levels. Exceptions to this 
would be systemic high-dose methotrexate, cytarabine 
and thio-TEPA, all of which result in cytotoxic CSF lev-
els. Their systemic administration, however, is limited by 
systemic toxicity and the diffi culty to integrate these regi-
mens into other chemotherapeutic programs being used 
to manage systemic disease. Some authors argue that 
intrathecal chemotherapy does not add to improved out-
come in the treatment of NM, since systemic therapy can 
obtain access to the subarachnoid deposits through their 
own vascular supply [67]. In a retrospective comparison of 
patients treated with systemic chemotherapy and radiation 
to involved areas, plus or minus intrathecal chemotherapy, 
Bokstein et al [77] did not fi nd signifi cant differences in 
response rates, median survival or proportion of long-term 
survivors among the two groups but, of course, the group 
that did not receive the intrathecal treatment was spared 
the complications of this modality. Glantz et al [78] treated 
16 patients with high dose intravenous methotrexate 
and compared their outcome with a reference group of 
15 patients treated with intrathecal methotrexate. They 
found response rates and survival were signifi cantly bet-
ter in the group treated with intravenous therapy. Finally, 
a recent report describes two patients with breast cancer 
in whom NM was controlled with systemic hormonal 
treatment [79].

Nonetheless, intrathecal chemotherapy remains the 
preferred treatment route for NM at this time. New drugs 
are being explored to try to improve the effi cacy, these 
include mafosphamide, diaziquone, topotecan [80], gemcit-
abine, interferon-� and temozolomide [81] which are being 
evaluated for intrathecal administration. Immunotherapy, 
using interleukin-2 and interferon-� [82], 131I-radiolabelled 
monoclonal antibodies [83] and gene therapy [84] are other 
modalities that are being explored in clinical trials.

Supportive care
Not all patients with NM are candidates for the aggres-

sive treatment outlined above. Most authors agree that 
combined-modality therapy should be offered to patients 
with life expectancy greater than 3 months and a Karnofsky 
performance status of greater than 60%.

Supportive care that should be offered to every patient, 
regardless of whether they receive NM directed therapy, 
include anticonvulsants for seizure control (seen in 10–15% 
of patients with NM), adequate analgesia with opioid drugs, 
as well as antidepressants and anxiolytics if necessary. 
Corticosteroids have a limited use in NM-related neurolog-
ical symptoms, but can be useful to treat vasogenic edema 
associated with intraparenchymal or epidural metastases, 
or for the symptomatic treatment of nausea and vomit-
ing together with routine antiemetics. Decreased attention 
and somnolence secondary to whole brain radiation can be 
treated with psychostimulants [5].

CONCLUSIONS
NM is a complicated disease for a variety of reasons. 

First, most reports concerning NM treat all subtypes as 
equivalent with respect to CNS staging, treatment and out-
come. However, clinical trials in oncology are based on spe-
cifi c tumor histology. Comparing responses in patients with 
carcinomatous meningitis due to breast cancer to patients 
with non-small cell lung cancer outside of investigational 
new drug trials may be misleading. A general consensus is 
that breast cancer is inherently more chemosensitive than 
non-small cell lung cancer or melanoma, and therefore sur-
vival following chemotherapy is likely to be different. This 
observation has been substantiated in patients with sys-
temic metastases, though comparable data regarding CNS 
metastases and, in particular, NM is meager.

A second feature of NM, which complicates therapy, is 
deciding whom to treat. Not all patients necessarily warrant 
aggressive CNS-directed therapy, however, few guidelines 
exist permitting appropriate choice of therapy. Based on 
the prognostic variables determined clinically and by eval-
uation of extent of disease, a sizable minority of patients 
will not be candidates for aggressive NM-directed therapy. 
Therefore supportive comfort care (radiotherapy to symp-
tomatic disease, antiemetics and narcotics) is reasonably 
offered to patients with NM considered poor candidates for 
aggressive therapy, as seen in Figure 8.1.

Thirdly, optimal treatment of NM remains poorly 
defi ned. Given these constraints, the treatment of NM 
today is palliative and rarely curative with a median patient 
survival of 2–3 months based on data of the four prospec-
tive randomized trials in this disease. However, palliative 
therapy of NM often affords the patient protection from 
further neurological deterioration and consequently an 
improved neurologic quality of life. No studies to date have 
attempted an economic assessment of the treatment of NM 



and therefore no information is available regarding a cost-
benefi t analysis as has been performed for other cancer 
directed therapies.

Finally, in patients with NM, the response to treatment 
is primarily a function of CSF cytology and secondarily of 
clinical improvement of neurologic signs and symptoms. 
Aside from CSF cytology and perhaps biochemical markers, 
no other CSF parameters predict response. Furthermore, 

because CSF cytology may manifest a rostra-caudal dis -
association, consecutive negative cytology samples 
(defi ned as a complete response to treatment) require con-
fi rmation by both ventricular and lumbar CSF cytologies. 
In general, only pain related neurologic symptoms improve 
with treatment. Neurologic signs such as confusion, cranial 
nerve defi cit(s), ataxia and segmental weakness minimally 
improve or stabilize with successful treatment.
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INTRODUCTION
Central nervous system vascular disease is a well-

recognized complication of cancer. It may result from the 
direct or indirect effects of cancer and cancer treatment on 
blood vessels [1,2]. Until recent years, most clinical and pathol-
ogy data relevant to these conditions were available only from 
retrospective reviews or case reports. Recent prospective stud-
ies have focused on the role of cancer treatment-related vas-
cular injury and provide new information regarding the risk 
factors and incidence of these syndromes.

COAGULOPATHY
Cancer can be complicated by alterations of the coag-

ulation system that result in intravascular thrombosis 
or hemorrhage. The coagulation disturbance is due to a 
complex interplay of tumor biologic factors and the host 
response. Malignant cells can express a variety of procoag-
ulant molecules. The most widely studied of these is tissue 
factor, a cell surface glycoprotein that is capable of initiat-
ing the extrinsic pathway of blood coagulation, ultimately 
generating thrombin, which converts fi brinogen into fi brin. 
Tissue factor also activates platelets. It is speculated that 
an imbalance between tissue factor and its main inhibi-
tor, tissue factor pathway inhibitor, contributes to clinically 
apparent coagulopathy in cancer patients. Another proco-
agulant that is expressed by tumor cells, termed cancer pro-
coagulant, is a cysteine protease that is capable of initiating 
the coagulation process via a separate pathway from tissue 
factor. In addition, cancer cells can also alter coagulation 
through expression or suppression of fi brinolytic activity. 
Some cancer patients develop resistance to activated pro-
tein C which contributes to a coagulopathy.

Altered coagulation function in the cancer patient can 
result in vessel thrombosis, hemorrhage or a combination. 
Brain hemorrhage is most common in acute myelogenous 
leukemias, especially acute promyelocytic leukemia, early 
in its treatment. In this setting, disseminated intravascu-
lar coagulation is due to the release of procoagulant sub-
stances associated with tumor lysis. There is also a high 
incidence of hemorrhage associated with bone marrow 

transplant to treat leukemia; in one study by Blegi-Torres 
et al, intracranial hemorrhage was observed in 32% of 180 
patients [3]. In addition to disseminated intravascular coag-
ulation, liver dysfunction, thrombocytopenia or lumbar 
puncture can be precipitating factors in patients treated for 
leukemia or brain tumors [4–6].

Cerebral infarction in cancer patients is most commonly 
due to a thrombotic coagulopathy associated with the 
tumor or its treatment [1,2]. A recent retrospective review 
of cerebral ischemic events in 96 cancer patients identifi ed 
coagulation disorders with cerebral embolism as the most 
common etiologic factor. Atherosclerosis accounted for only 
22% of strokes [2]. Non-bacterial thrombotic endocarditis 
(NBTE) is one manifestation of the thrombotic coagulopa-
thy that develops in cancer patients, especially those with 
adenocarcinomas. Autopsy studies indicate that multifo-
cal cerebral infarctions are the result of cerebral emboliza-
tion of cardiac vegetations or of intravascular thrombosis 
from the coagulation disorder [7]. Non-bacterial thrombotic 
endocarditis typically develops in patients with widely dis-
seminated cancer, but stroke from NBTE can also be the 
presenting sign of cancer.

Cerebral venous thrombosis, typically involving the 
superior sagittal sinus, can also result from the thrombotic 
coagulopathy associated with cancer [8]. More often, it occu  rs 
secondary to cancer treatment, especially L-asparaginase 
administered for leukemia and lymphoma.

INTRACRANIAL TUMOR
Tumor in the skull or dura can result in epidural, sub-

dural or subarachnoid hemorrhage [9]. The most common 
syndrome is subdural hemorrhage resulting from dural 
metastasis of carcinomas originating in the breast, lung or 
prostate or of lymphoma. The mechanism of hemorrhage is 
speculated to be congestion or stretching of vessels in the 
dura. Primary dural tumors, typically meningiomas, also 
bleed, but this is uncommon [10].

Hemorrhage into a tumor that is metastatic to the 
brain parenchyma occurs more commonly than in pri-
mary parenchymal tumors. The most common metastatic 
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tumors are of melanoma, thyroid, renal cell, hepatocellular 
or lung origin. The mechanism of hemorrhage is presumed 
to be rapid tumor growth with rupture of neoplastic vessels 
or invasion of adjacent cerebral vessels. Jung et al recently 
demonstrated higher vascular endothelial growth factor 
expression and neovascularity in hemorrhagic, rather than 
non-hemorrhagic, brain metastases [11]. Overexpression of 
matrix metalloproteinases may also play a role. The most 
common primary brain tumors to be associated with hem-
orrhage are pituitary adenomas, meningiomas and gliomas. 
Rarely, arterial tumor emboli result in damage to cerebral 
vessels, resulting in neoplastic aneurysms with subsequent 
rupture and parenchymal or subarachnoid hemorrhages.

Tumors can also encase, compress or invade cerebral 
venous structures. Such tumors can be primary or meta-
static and are typically located in the skull or dura. Arterial 
compression by tumors is rare. Komotar et al retrospectively 
reviewed the records of 1617 patients with meningiomas 
and identifi ed only three patients with neurological symp-
toms attributed to internal carotid artery compression [12]. 
Rarely, primary or metastatic tumor in the leptomeninges 
surrounds and/or compresses vessels in the Virchow-Robin 
space, resulting in infarction [13,14]. Vascular occlusion in 
association with parenchymal brain tumors is rare, but is 
reported in glioblastoma [15].

Intravascular lymphomatosis is a rare variant of diffuse 
large cell lymphoma. Malignant cells proliferate within the 
vessels of systemic organs and the brain, causing diffuse 
thrombosis [16]. Thrombosis from tumor cell proliferation 
can also occur in leukemia when the leukemic cell count is 
very high (hyperleukocytosis). This type of vascular throm-
bosis can result in cerebral infarction or hemorrhage.

When systemic tumor metastasizes to the brain via the 
arterial circulation, the tumor embolus may be large enough 
to cause obstruction of a large- or medium-size vessel and 
result in transient or permanent cerebral ischemia [17]. The 
underlying tumor almost always originates in the heart or 
lung. Sarcoma is the most common cardiac tumor to cause 
symptomatic cerebral embolization. Lung tumors may be 
primary or metastatic. There are rare reports of brain embo-
lism occurring from manipulation of the lung at the time of 
surgical removal of a lung tumor.

TREATMENT EFFECTS
Chemotherapy can increase the risk of systemic and 

cerebral thrombosis or hemorrhage. Some chemothera-
pies exaggerate the hypercoagulable state, whereas others 
may injure the endothelium or cause vasospasm. In other 
instances, thromboses are due to the release of tumor-
derived coagulation factors into the bloodstream.

L-asparaginase is an enzymatic inhibitor of protein syn-
thesis which is often used in the induction therapy of acute 
leukemia. It depletes plasma proteins involved in coagula-
tion and fi brinolysis. It is most commonly associated with 

cerebral venous sinus thrombosis but, in a small percentage 
of patients, is associated with intraparenchymal thrombosis 
or hemorrhage.

In addition, inherited or acquired coagulation defects 
may render patients more susceptible to thrombotic com-
plications of L-asparaginase. In a retrospective review of 
19 pediatric patients with leukemia or lymphoma admin-
istered L-asparaginase-containing regimens, low levels 
of coagulation factors in association with increased plasma 
D-dimer levels during or after L-asparaginase administra-
tion, combined with fresh frozen plasma infusion, were 
associated with thrombosis [18].

The hemolytic uremic syndrome is a rare complication 
of chemotherapy, typically occurring in patients with car-
cinoma. It can result in brain hemorrhage [19]. Tamoxifen, 
used most commonly in the treatment of breast cancer, 
is associated with an increased risk of systemic venous 
thrombosis. Recent studies have sought to determine the 
risk of cerebral thrombosis. Although meta-analyses dem-
onstrate that there is a slightly increased risk of stroke 
in breast cancer patients overall, as compared to control 
populations, the contribution of tamoxifen appears to be 
very small [20,21].

Radiotherapy can produce or accelerate atherosclerosis 
[22]. It is a causative factor in transient or permanent cere-
bral ischemia in some patients who are treated for head 
and neck cancer. Because of the radiation treatment por-
tals, extensive areas of the common carotid artery and its 
branches in the neck are involved. In a report of stroke in 
patients younger than 60 years of age who received thera-
peutic neck radiation for head and neck tumors, Dorresteijn 
et al reported a 12% 15-year cumulative risk of stroke [23]. 
Other factors may also contribute to the development of 
carotid stenosis. In one study of duplex ultrasonography 
in patients treated for head and neck cancers, independ-
ent risk factors for severe post-radiation carotid stenosis 
included smoking history, interval from radiation of more 
than 5 years, no prior oncological surgery and cerebro-
vascular symptoms [24]. Survivors of childhood Hodgkin’s 
disease are also at risk for stroke if they received man-
tle radiation exposure. Cerebral ischemia may be related 
to carotid artery disease or to cardiac valve disease [25]. 
A recent review of supraclavicular radiation for breast 
cancer did not identify an increase in the 10-year risk of 
stroke [26]. The lack of strokes in these patients might be 
explained by the lower radiation dose administered and the 
smaller volume of irradiated vessel, as compared to radia-
tion for head and neck cancer.

Radiation-induced vasculopathy, resulting in multi-
focal vessel occlusions within the brain and sometimes 
resulting in hemorrhage (by a mechanism that is not yet 
identifi ed) is a less common toxicity, and is reported in 
children who received therapeutic brain irradiation [6,27]. 
In addition, Bowers et al recently documented the inci-
dence of and risk factors for strokes occurring in long-term 
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survivors of childhood leukemia [28]. These patient groups 
were compared with a random sampling of siblings of can-
cer survivors. The relative risk of stroke for leukemia survi-
vors as compared with the siblings was 64 (95% CI, 3.0–13.8; 
P � 0.0001) and for brain tumor survivors was 29 (95% CI, 
13.8–60.6; P � 0.0001). An increased risk of stroke was found 
with a mean cranial radiation therapy dose of �30 Gy.

A variety of miscellaneous and rare vascular disorders 
attributed to radiation of brain tumors is reported, includ-
ing pseudoaneurysms and cavernous malformations [29]. 
Reversible cerebral symptoms and signs associated with 
migraine headaches and with cortical enhancement on 
magnetic resonance imaging have been reported in a small 
number of patients years after brain radiation. The mecha-
nism is not known, but speculated to be a delayed manifes-
tation of vascular injury from radiation [30,31].

INFECTION
Immunosuppression in cancer patients renders them 

susceptible to opportunistic infections, especially fun-
gal sepsis. Cerebral septic emboli are typically due to 
Aspergillus, Candida or Mucormycosis infections, and 
occur most often in patients with leukemia, lymphoma, or 
after bone marrow transplant [4,32].

OTHER
Rarely, CNS vasculitis is the presenting sign of 

non-Hodgkin’s lymphoma, Hodgkin’s disease or other 
hematologic malignancies [33]. The mechanism for this asso-
ciation is not known. Idiopathic thrombocytopenic purpura, 
predisposing to intracranial hemorrhage, can complicate 
chronic leukemia or lymphoma.
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COAGULOPATHY
Brain hemorrhage secondary to a systemic coagulation 

disorder is most common in acute myelogenous leukemias, 
especially early in the treatment of acute promyelocytic 
leukemia (APML). In APML undergoing chemotherapy, acute 
disseminated intravascular coagulation (DIC) is caused 
by procoagulant substances in the leukemic cells released 
during tumor lysis. Another common clinical setting is after 
bone marrow transplant to treat leukemia; in one study by 
Blegi-Torres and colleagues, intracranial hemorrhage was 
observed in 32% of 180 patients [1]. Graus et al identifi ed 
that subdural hemorrhages, rather than parenchymal hem-
orrhages, are the most common site of bleeding in leukemic 
patients who have undergone bone marrow transplant [2]. 
In addition to DIC, liver dysfunction, thrombocytopenia, 
or lumbar puncture can be precipitating factors in patients 
treated for leukemia or for brain tumors [2–4]. Idiopathic 
thrombocytopenic purpura, complicating chronic leukemia 
or lymphoma, is a rare cause of intracranial hemorrhage.

Clinical
As in patients without cancer who develop parenchy-

mal or subdural hemorrhage, signs may be acute or sub-
acute and include headache, encephalopathy and vomiting. 
In acute DIC there will usually be signs of systemic throm-
bosis or hemorrhage.

Diagnosis
Acute DIC is diagnosed by severe abnormalities of 

coagulation function. Brain computed tomography (CT) or 
magnetic resonance imaging (MRI) scans often show a single 
parenchymal or subdural hemorrhage. There may be multi-
ple hemorrhages when there is severe thrombocytopenia.

Treatment
Treatment of DIC remains controversial, as there is 

a need to control the underlying thrombotic disorder and 

also to replace clotting factors. Resection of a parenchymal 
or subdural hemorrhage due to DIC may be impossible, 
because of ongoing bleeding. Steroids can aid in temporar-
ily reducing mass effect from the hemorrhage.

TUMOR-RELATED
In patients with solid tumors, hemorrhage into a meta-

static central nervous system tumor is the most common 
cause of brain hemorrhage. The mechanism of parenchy-
mal hemorrhage is speculated to be rapid tumor growth 
that results in rupture of neoplastic vessels or adjacent 
cerebral vessels. Vascular endothelial growth factor may 
play a role: Jung et al recently demonstrated higher vascu-
lar endothelial growth factor expression and neovascularity 
in hemorrhagic, rather than non-hemorrhagic, brain meta-
stases [5]. Overexpression of matrix metalloproteinases may 
also play a role. When tumor metastasizes to the dura, con-
gestion or stretching of vessels in the dura are speculated 
to be the reasons for subdural hemorrhage. The epidural 
or leptomeningeal spaces are unusual sites of hemorrhage 
associated with metastasis [6].

Hyperleukocytosis (peripheral blast count �100 000/
mm3) in acute myelogenous leukemia can result in brain 
hemorrhage because of leukostasis (plugging of small cer-
ebral vessels) or by the growth of leukemic nodules which 
invade blood vessels.

Clinical
The most common metastatic brain tumors associ-

ated with hemorrhage are of melanoma, thyroid, renal cell, 
hepatocellular or lung origin. The onset of neurological 
signs is usually acute, with headache, decline in conscious-
ness, or a seizure. In some instances, however, the onset of 
signs is chronic and indistinguishable from those of a grow-
ing tumor. Depending on the location of the bleed, there 
may also be focal neurologic signs.
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The most common skull or dural tumors associated 
with subdural hemorrhage are breast, lung, prostate or lym-
phoma metastasis. Primary dural tumors, typically men-
ingiomas, also bleed, but this is uncommon [7]. Subdural 
hemorrhage usually causes subacute signs of headache, 
confusion and lethargy and there can be superimposed 
focal signs, depending on the location of the hemorrhage. 
The most common primary brain tumors to be associated 
with hemorrhage are pituitary adenomas, meningiomas 
and gliomas.

Rarely, arterial tumor emboli from systemic cancer 
result in damage to cerebral vessels, resulting in neoplastic 
aneurysms which rupture and cause bleeding into the brain 
or leptomeninges.

Method of diagnosis
Brain imaging with CT or MRI is the test of choice to 

diagnose intratumoral hemorrhage. The lesions are often 
multiple when the hemorrhage is into metastatic tumor. 
The early presence of edema and enhancement associated 
with the hemorrhage suggest intratumoral hemorrhage in 
patients who are not known to have cancer.

If there is no evidence of systemic cancer, biopsy or 
resection of the hematoma may be necessary to diagnose 
the histology of the lesion underlying the hemorrhage.

Subdural hemorrhages associated with primary or 
meta static tumors to the skull or dura can be recognized 
by the skull expansion or destruction, if skull metastasis 
is present, and by dural enhancement. In some instances, 
however, the metastasis is microscopic and tumor can be 

identifi ed only by cytologic examination of the subdural 
fl uid or histologic examination of the dura.

Neoplastic aneurysms can be detected on cerebral 
angiography.

Treatment
Resection of a tumor-related hemorrhage may be indi-

cated when the hemorrhage is life threatening but, in many 
instances, surgery is not required and therapy should be 
directed to the tumor, typically radiation, with or without 
chemotherapy. A neoplastic subdural hemorrhage may be 
large enough to require drainage. Defi nitive therapy for 
skull or dural metastasis is radiation.

Therapy for the rare occurrence of bleeding from a 
neoplastic aneurysm should be radiation, with or without 
chemotherapy. There is no published evidence that surgical 
repair of the aneurysm is indicated.

TREATMENT EFFECTS
Chemotherapy can increase the risk of systemic and 

cerebral hemorrhage. L-asparaginase, which is typically 
associated with cerebral venous thrombosis, can rarely 
result in brain hemorrhage. Hemorrhage from throm-
bocytopenia induced by chemotherapy is relatively rare. 
The hemolytic uremic syndrome is a rare complication 
of chemotherapy, typically occurring in patients with car-
cinoma, that can result in brain hemorrhage [8]. In addi-
tion, a variety of miscellaneous and rare vascular disorders 
attributed to radiation of brain tumors is reported, includ-
ing pseudoaneurysms and cavernous malformations [9].
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CHAPTER 11

CNS Infarction
Arastoo Vossough and Michael H. Lev  

INTRODUCTION
Symptomatic cerebral infarction or stroke affects more 

than 700 000 Americans each year [1]. Stroke is the third 
leading cause of mortality in the USA, with approximately 
157 000 deaths per year [2]. Stroke is a leading cause of disa-
bility and the estimated direct and indirect cost of stroke for 
2006 was $57.9 billion [1]. Approximately 85% of strokes are 
bland and 15% hemorrhagic. In western populations, the 
major causes of CNS infarcts include emboli from large ves-
sels (e.g. carotid occlusive disease), emboli from the heart, 
small vessel (lacunar) disease and other causes, including 
hypercoagulable states, intracranial atherosclerosis, extrac-
ranial and intracranial arterial dissection, vasculitis, other 
vasculopathies and various causes of venous infarcts. In 
some cases, the etiology of stroke is undetermined.

IMAGING EVALUATION OF CNS 
INFARCTION

Advanced neuroimaging of acute stroke should answer 
four key issues [3]:

1 whether hemorrhage is present
2 whether there is intravascular clot that can be targeted 

for thrombolysis
3 whether a core of critically ischemic or irreversibly inf-

arcted tissue is present
4 whether a penumbra of ischemic, but potentially sal-

vageable, tissue is present.

To answer these and related questions, a variety of imag-
ing techniques are used in the evaluation of CNS infarcts. 
Currently, the standard of care is thought to be non-contrast 
head computed tomography (CT) scan. Newer methods are 
increasingly being used as more physiologic and more pow-
erful means of patient triage in the setting of acute stroke [4].

Computed Tomography
Non-Contrast Computed Tomography (NCCT)

CT is used to exclude hemorrhage in acute stroke, but 
can also show early ischemic changes, which include the 
following [5–7].

Vessel Hyperdensity

This fi nding is due to the presence of occlusive throm-
bus in a circle of Willis artery, most commonly in the M1 
segment of the middle cerebral artery (MCA) known as 
the hyperdense MCA sign (Figure 11.1A) [8]. This fi nding is 
associated with a poorer prognosis [9]. Dense vessels may 
also be seen in cases of basilar artery or posterior cerebral 
artery occlusive thrombus. Arterial microcalcifi cations and 
high hematocrit levels can cause false positives.

Hypodensity

Early parenchymal hypoattenuation and loss of gray–
white differentiation are the earliest parenchymal signs of 
CNS infarct. They may manifest as hypodensity in the basal 
ganglia, loss of the normal insular ribbon, or loss of cortex-
white matter differentiation in the cerebral hemispheres 
(Figure 11.1B). The mechanism of hypodensity on CT is 
thought to represent cytotoxic edema or decreased blood 
volume [5]. The low density region seen on NCCT repre-
sents infarcted tissue. Reported sensitivity of CT in hyper-
acute stroke in the fi rst 6 hours is in the range of 38–45% 
[10,11]. It has been shown that use of soft copy narrow win-
dow settings can improve the conspicuity of subtle ischemic 
hypodensity (Figure 11.1B,C) [12]. Hypodensity in greater 
than one-third of the MCA territory has been reported as a 
risk factor for hemorrhagic transformation [5].

Subtle effacement of cortical sulci and narrowing of the 
sylvian fi ssure and effacement of the ventricles and basal 
cisterns may also been seen.

CT Angiography (CTA)
CTA in the setting of ischemic stroke is used to evaluate 

the presence of arterial thrombosis, arterial stenosis and 
potentially evaluate the collateral pathways (see Figure 11.1). 
CTA is performed by dynamic intravenous injection of 
contrast with optimized timing to image the arterial vessels 
at their peak enhancement. For acute stroke, imaging of 
both the intracranial vasculature and the cervical vessels 
from the aortic arch should be performed. Various protocols 
are in use at different institutions but, in all cases, the CTA 



protocols should be optimized to fi nd a balance between 
image quality and noise, slice thickness, pitch, table speed, 
gantry rotation rate, contrast dose, contrast fl ow rate and 
radiation dose. Use of newer multidetector scanners can 

help reduce contrast dose, reduce scanning time and 
potentially reduce radiation dose by automated tube modu-
lation. Use of a saline chaser can help reduce contrast dose 
and decrease streak artifact from dense venous contrast in 
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FIG. 11.1. Acute left MCA territory infarct. (A) NCCT shows dense MCA secondary to thrombus in the left MCA (arrows). (B) CT scan 
shown in standard brain windows shows subtle left basal ganglia hypodensity and loss of insular ribbon (arrows). (C) Same CT slice as 
in (B), but with narrow window settings, shows a much more conspicuous appearance of the left basal ganglia hypodensity and insular 
ribbon loss (arrows). (D) Maximum intensity projection of CTA shows no fl ow in the proximal left MCA (arrows). (E) CT perfusion color-
coded CBV map demonstrating an area of decreased cerebral blood volume in the left MCA territory. (F) CT perfusion color-coded CBF 
map in the same slice as in (E), demonstrating a much larger area of decreased cerebral blood fl ow compared to the area of decreased 
blood volume (perfusion mismatch). (G) Diffusion weighted MRI image performed two hours later shows high DWI signal in the left MCA 
territory. (H) ADC map corresponding to DWI slice in (G), showing decreased signal and confi rming restricted diffusion in the left MCA 
territory. (I) Follow-up CT scan 7 days later demonstrates the fi nal area of infarct in the left MCA territory, which in this patient corre-
sponds more closely with the area of decreased CBF. This patient was not a thrombolysis candidate at the time of presentation.
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the thoracic inlet. Use of multiphasic injection rates can 
also help optimize contrast enhancement in the vessels 
and decrease contrast use. Use of bolus tracking or a test 
bolus prior to the actual scan can help optimize timing of 
the contrast bolus.

Once the CTA scan is performed, the source images can 
be viewed on the scanner to look for obvious areas of vessel 
occlusion or stenosis. Various 3D reconstruction methods 
can be utilized to visualize the vessels. These include maxi-
mum intensity projections (MIP), multiplanar reformats 
(MPR), curved reformats in which the vessels are straight-
ened via a computer algorithm, shaded surface display (SSD) 
and, fi nally, volume rendering (VR). Some of these methods 
are time consuming and may require work on a dedicated 
workstation. In urgent situations, the CT technologists can 
produce triplanar thick slab MIP images (e.g. 30 mm thick 
slabs at 5 mm overlapping intervals) on the scanner con-
sole rapidly for quick interpretation before the detailed 3D 
images are later reconstructed (see Figure 11.1D).

The main advantages of CTA include widespread avail-
ability, speed of acquisition, higher accuracy compared to 
magnetic resonance angiography (MRA) and lower risk 
compared to catheter angiography. The relative disadvan-
tages of CTA include iodinated contrast risk, radiation, 
limited fi eld of view on older scanners, long fi nal post-
processing times, beam hardening artifact from dental fi ll-
ings and implants and lack of physiological data such as 
fl ow velocity and directionality that could be obtained by 
magnetic resonance imaging (MRI). Another limitation of 
CTA is that in areas of dense or circumferential calcifi ca-
tion, there is substantial beam hardening artifact which 
limits accurate measurement of vessel lumen diameter.

CTA has been shown to be 98% sensitive and specifi c 
for proximal intracranial thrombus detection [13]. CTA 
has been shown to be quite accurate and superior to ultra-
sonography in assessing degree of stenosis, presence of 
hairline vessel lumen and atherosclerotic plaque ulceration 
[14]. Owing to its superior accuracy compared to MRA, CTA 
has become the fi rst line neurovascular test in the acute 
setting for neurovascular disease. MRA remains an impor-
tant screening test for non-acute or asymptomatic patients. 
CTA source images (CTA-SI) provide relevant data concern-
ing tissue level perfusion and it has been shown that CTA-
SI are blood volume weighted by theoretical modeling [15] 
and hence can be used to defi ne infarct core.

CT Perfusion (CTP)
Perfusion CT is utilized to measure the ischemic 

penumbra in stroke, i.e. severely ischemic tissue which is 
not irreversibly damaged and potentially salvageable. Use 
of perfusion imaging to defi ne physiologically the penum-
bra can be utilized potentially to extend the thrombolysis 
window beyond 3 hours for i.v. and 6 hours for anterior 
circulation i.a. thrombolysis [16]. Perfusion CT measures 
tissue level capillary blood fl ow in the brain [17]. Cerebral 

perfusion can be described by three parameters: cerebral 
blood volume (CBV) is the total volume of blood in a given 
unit volume of brain tissue; cerebral blood fl ow (CBF) is the 
volume of blood moving through a given unit volume of 
brain per unit time; mean transit time (MTT) is the average 
of the transit time of blood through a region of brain paren-
chyma. These parameters are related to each other by the 
‘central volume’ formula MTT�CBV/CBF.

Quantitative CTP is often performed by continuous 
cine CT acquisition of a fi xed brain region during dynamic 
intravenous contrast administration at a rate of 4–7 ml/s 
[18]. Currently, only a limited number of slices can be cov-
ered, but larger volumes of the brain may be examined with 
faster scanners. Once the data have been acquired, various 
post-processing methods are utilized to produce perfusion 
parameter (CBV, CBF, MTT) maps using a variety of decon-
volution and non-deconvolution methods (see Figure 11.1).

The advantages of CTP include widespread availability 
of CT, lower costs, relative ease and higher speed of scan-
ning, especially in very ill patients, and use in patients with 
contraindications to MRI. CTP also has a higher resolution, 
provides quantitative perfusion information compared to 
MR perfusion and is not limited by susceptibility effects 
from adjacent structures or large vessel contamination [18]. 
The disadvantages of CTP include use of ionizing radiation, 
the risks associated with iodinated contrast use, limited 
brain coverage with current scanner technology and more 
complex image post-processing requirements.

The operational ischemic penumbra in CTP is the area 
of CBV-CBF mismatch (see Figure 11.1E,F). The region of 
CBV abnormality is the core of the infarcted tissue and the 
area of CBV-CBF mismatch is the surrounding tissue that 
is hypoperfused, but potentially salvageable. Untreated or 
unsuccessfully treated patients with large CBV-CBF mis-
match will show substantial growth of the infarcted tissue 
on follow-up (see Figure 11.1I). Patients with no mismatch 
or with early complete recanalization will show no or lit-
tle lesion progression [18]. Therefore, the presence of a 
large mismatch can be used as a physiological triage tool 
for thrombolysis candidate selection. There is consider-
able ongoing research in better defi ning various threshold 
models to defi ne and characterize more accurately the inf-
arct core and ischemic penumbra and their relationship to 
clinical outcome and hemorrhagic risk.

Magnetic Resonance Imaging (MRI)
Conventional MRI

In the hyperacute stage of stroke (0–6 hours), there 
may be loss of the normal vessel fl ow voids on T2-weighted 
images. On FLAIR (fl uid attenuation inversion recovery) 
sequences, there may be high intravascular signal within 
the vessels, a fi nding that can be seen in up to 65% of cases 
[19]. The sensitivity of parenchymal signal changes on 
T2-weighted or FLAIR images in the fi rst 6 hours of stroke 
are only 18–29% [11,20,21]. Gradient echo T2*-weighted 



susceptibility images may also show the intravascular 
thrombus as a linear region of low signal susceptibility, due 
to the presence of deoxyhemoglobin within the clot. In one 
study, this fi nding had 83% sensitivity compared to 52% 
sensitivity of the dense vessel sign on non-contrast CT [22]. 
Contrast-enhanced T1-weighted images may show arte-
rial enhancement without parenchymal enhancement in 
50% of hyperacute strokes, believed to represent collateral 
fl ow, slow fl ow or hyperperfusion after early recanalization 
[23,24].

In the acute stage of stroke (6–24 hours), vasogenic 
edema causes increase in water content and the area of 
infarct is seen as hyperintensity on T2-weighted and FLAIR 
images with a sensitivity approaching 90% at 24 hours [24].

In the subacute stage of stroke (24 hours to 2 weeks), 
T2 and FLAIR hyperintensity persist and T1 hypointensity 
starts to develop. Brain swelling increases and peaks at day 
3, manifesting as effacement of sulci, cisterns and ventri-
cles, gyral thickening, midline shift and various forms of 
herniation. Arterial enhancement and meningeal enhance-
ment are seen, which often resolve by 1 week. Gyriform 
parenchymal enhancement occurs at this stage and may 
persist up to 8 weeks [23].

In the chronic stage of stroke, the edema resolves and 
gliosis and tissue loss develops, characterized by T2 hyper-
intensity, T1 hypointensity, focal volume loss, and possibly 
cystic encephalomalacia. After 8 weeks, no parenchymal, 
vascular or meningeal enhancement is seen. With larger 
infarcts, Wallerian degeneration develops, manifested by 
volume loss and T2 hyperintensity in the corticospinal tract 
pathway.

Hemorrhagic transformation of brain infarction can 
range from small petechial bleeds to large parenchymal 
hematomas. It has a cumulative incidence of up to 43% 
in the fi rst month and overall risk factors include embolic 
stroke etiology, hypertension, high glucose levels, higher 
NIH Stroke Scale score, reperfusion, good collateral circu-
lation, longer time to recanalization after thrombolysis, 
anticoagulant therapy and thrombolytic therapy [25–28]. A 
common grading scheme uses the classifi cation of hemor-
rhagic infarcts (HI1 and HI2) and parenchymal hematoma 
(PH1 and PH2) [29]. Gradient echoT2*-weighted sequences 
are best utilized in detecting these areas of intraparenchy-
mal hemorrhage and it has been shown to have equiva-
lent sensitivity compared to CT [30,31]. As time passes 
and blood products pass through the methemoglobin 
stage, they may manifest as areas of hyperintensity on T1-
weighted images.

Conventional MRI is an adjunct to CTA or MRA in the 
diagnosis of cervicocranial vessel dissection. Fat-saturated 
T1-weighted images may show bright methemoglobin sig-
nal in the vessel wall hematoma caused by dissection. The 
caveat in the use of this technique is that the hematoma 
may not be seen in very early cases and also in chronic 
dissections.

MR Angiography (MRA)
MRA is used to evaluate the intracranial and cervi-

cal vascular supply to the brain. Both non-contrast (time-
of-fl ight and phase-contrast) and contrast-enhanced (CE 
MRA) techniques are available. Images obtained from these 
various techniques are often post-processed via maximum 
intensity projections (MIP) to show the vascular tree anat-
omy as a rotating three-dimensional structure.

Time-of-fl ight (TOF) MRA

TOF MRA is a gradient echo sequence that is per-
formed by repeatedly applying a radiofrequency (RF) pulse, 
followed by dephasing and rephasing gradients. Stationary 
tissues become saturated and lose signal by the repeated RF 
pulse, whereas fl owing blood is bright as it brings unsatu-
rated spins into the imaging volume [25]. This is known as 
‘fl ow-related enhancement’. Saturation bands are applied 
to suppress signal from incoming veins in the other direc-
tion. TOF MRA can be performed in a 2D or 3D acquisition. 
2D TOF MRA is usually used in evaluation of neck vessels. It 
is generally reserved for instances where contrast enhanced 
MRA of the neck cannot be performed or has failed, or 
when fl ow directionality information is important. 3D TOF 
MRA is typically used to evaluate the intracranial circula-
tion. 2D TOF is often the technique used in magnetic reso-
nance venography (MRV) of the dural venous sinuses.

Phase-Contrast (PC) MRA

This is a gradient echo sequence which applies a pair 
of equal but opposing direction dephasing and rephasing 
RF pulses to the imaging volume. Stationary tissues have 
no net change in phase because they encounter equal but 
opposite direction dephasing and rephasing pulses, but 
moving blood acquires a phase shift. The amount of phase 
shift is proportional to the velocity of moving blood. PC 
MRA can also be performed in a 2D or 3D fashion. PC MRA 
is usually only reserved for instances where there is a con-
cern that a venous or arterial subacute clot (intrinsically 
bright T1 signal) is mimicking fl ow-related enhancement.

Contrast-Enhanced (CE) MRA

CE MRA uses a 3D fast gradient-echo sequence in con-
junction with a dynamic bolus injection of gadolinium. The 
acquisition is carefully timed during passage of the bolus 
of gadolinium through the arteries of interest. A prelimi-
nary test injection of gadolinium can be done to time the 
arrival of contrast into the arteries. With newer scanners, 
a fl uoro technique can be used to monitor the region of 
interest in real time and start the acquisition when contrast 
is fi rst seen or even use automated bolus detection. Due 
to a very low echo time (TE), there is good background fat 
suppression. Acquisition time can generally be less than 30 
seconds. Similar techniques can be used for CE MRV of the 
venous sinuses [32].
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Clinical Utility of MRA

CE MRA of the neck is reported to have a sensitivity of 
94–97% and specifi city of 81–95% compared to angiogra-
phy (gold standard) for stratifying surgical from non-surgi-
cal cases of carotid stenosis and correlation of r � 0.94 to 
0.96 [33–35]. 3D TOF MRA of the intracranial circulation is 
reported to have a sensitivity of 88–100% and specifi city of 
95–97% compared to digital subtraction angiography (DSA) 
in diagnosis of intracranial occlusion and MCA disease, 
respectively [36,37].

Diffusion Weighted Imaging (DWI)
Diffusion imaging techniques are discussed in more 

detail in Chapters 25 and 26. On diffusion imaging, acute 
infarcts present as bright areas on DWI images and dark 
on apparent diffusion contrast (ADC) maps (see Figure 
11.1G,H). DWI is highly sensitive and specifi c in detection 
of hyperacute and acute stroke, ranging from 86 to 100% 
[38]. False-positive infarcts on DWI can be seen in patients 
with subacute or chronic infarcts with T2-shine through, 
cerebral abscesses, some tumors, venous infarcts, acute 
demyelinating lesions, hemorrhage, infections such as 
herpes encephalitis, Creutzfeldt-Jacob disease, status epi-
lepticus, hemiplegic migraine, transient global amnesia, 
reversible posterior encephalopathy and diffuse axonal 
injury. False-negative infarcts on DWI often are seen in 
punctate brainstem, basal ganglia, or lacunar infarctions. In 
these cases, persistence of the specifi c neurological defi cit 
on examination may prompt early follow-up imaging which 
often shows the abnormality not seen on the initial scan.

DWI is particularly helpful in detection of acute infarcts 
in the setting of subacute infarcts, where differentiation of 
new and older infarcts is very diffi cult. The area of diffusion 
abnormality represents the ischemic infarct core. In the 
absence of thrombolysis, reversibility of DWI lesions is quite 
rare and often seen in cases of transient ischemic attacks 
(TIA), transient global amnesia, status epilepticus, and 
venous sinus thrombosis [39]. With thrombolysis, a portion 
of the DWI abnormality may be reversible, especially in the 
white matter. Lower ADC values in areas of infarct are asso-
ciated with higher risk of hemorrhagic transformation and 
larger areas of diffusion abnormality are associated with 
worse clinical outcome [38].

MR Perfusion Imaging
MR perfusion weighted imaging (PWI) techniques are 

discussed in more detail in Chapter 29. Like CT perfusion, 
MR perfusion provides CBV-CBF-MTT maps. The area of 
CBV abnormality on PWI is often matched with the DWI 
abnormality and represents the ischemic infarct core. The 
difference between CBV and CBF images constitute the 
operational ischemic penumbra. The advantages of MR 
perfusion imaging in stroke include whole brain cover-
age, performance of diffusion imaging at the same time 
and simpler post-processing with rapid perfusion map 

construction by the technologists at the scanner. The dis-
advantages of dynamic contrast MR PWI include suscepti-
bility artifact due to metallic objects and near bone and air 
interfaces, need for high fl ow rate injections, sensitivity to 
patient motion, unreliability for calculating absolute values 
of perfusion parameters, unavailability of MR in all acute 
settings, and the possibility that the patient has a contra-
indication to MRI.

CBF is reportedly the best current estimate of 
whether the penumbra will infarct or survive [40]. Both 
MTT and CBF usually overestimate the fi nal infarct vol-
ume. Very low CBF on MR perfusion has been associated 
with hemorrhagic transformation. The size of DWI, CBV, 
CBF, MTT abnormalities, as well the size of the diffusion–
perfusion mismatch all correlate with clinical outcome [40]. 
The amount of decrease in size of MTT abnormality volume 
following intravenous thrombolysis correlates with clinical 
outcome.

Catheter Angiography
Catheter angiography no longer has a signifi cant diag-

nostic role in evaluation of ischemic CNS infarction, given 
the increased diagnostic utility of less invasive imaging 
techniques. The exception is in the evaluation of vasculopa-
thies, vasospasm, and rarely for confi rmation of arterial dis-
section. Its diagnostic role in evaluation of aneurysms and 
arteriovenous malformations has also relatively decreased, 
but it remains an important modality in cases in which 
less invasive techniques do not provide adequate informa-
tion. Nevertheless, endovascular techniques play a crucial 
role in the management of stroke patients for intra-arterial 
thrombolysis, mechanical thrombolysis and vasospasm 
treatment. Endovascular techniques are also employed in 
carotid, vertebral, and intracranial vessel angioplasty/stent-
ing for the prevention and treatment of stroke.

CNS INFARCTION IN NEURO-ONCOLOGY
Neuro-oncologic patients are at increased risk for CNS 

infarcts, whether due to the direct effects of CNS tumors on 
the brain and spinal cord or as a result of treatment for these 
neoplasms. CNS infarcts also occur in higher frequency in 
patients with systemic neoplasia (see Chapter 55).

CNS Infarction Caused by Brain Tumors
Mass effect from brain tumors can cause displacement, 

kinking and resultant narrowing or occlusion of cerebral 
vessels, leading to infarction. Examples include cases of 
subfalcine herniation causing compression of the anterior 
cerebral arteries (ACAs) against the falx (Figure 11.2A–D). 
Also mass effect or acute hydrocephalus causing transten-
torial herniation may lead to compression of the posterior 
cerebral arteries against the tentorium and resultant occip-
ital lobe infarction (Figure 11.2E) or compression of the 
superior cerebellar arteries [41].



Primary or metastatic tumors of the brain, menin-
ges or skull can infi ltrate and compress the arterial supply 
or venous drainage systems and cause arterial or venous 
infarcts [42]. Examples include convexity meningiomas 
compressing or infi ltrating the venous sinuses and also 
sellar/parasellar tumors infi ltrating and occluding the 
carotid arteries or parts of the circle of Willis in the cavern-
ous sinus, or suprasellar cisterns, respectively. However, 
these vascular occlusions may not necessarily lead to inf-
arcts since the associated neoplasms frequently grow at a 
slow rate, often providing adequate time for the develop-
ment of collateral pathways in the vascular supply or drain-
age systems.

Tumor infi ltration in the Virchow-Robin perivascular 
spaces can cause vessel compression, spasm, or thrombosis 

leading to infarction, for example in diffuse leptomenin-
geal gliomatosis [43]. Intravascular lymphomatosis is a rare 
entity that often involves the CNS and can cause infarcts 
(Figure 11.3).

CNS Infarction as a Result of Treatment of 
Brain Tumors

After surgical resection of gliomas, focal areas of 
restricted diffusion and infarct adjacent to the resec-
tion cavity have been reported in 64–70% of cases [44,45]. 
These focal infarcts may or may not be associated with 
neurological defi cits (Figure 11.4). Injury to the internal 
carotid arteries can occur during trans-sphenoidal surgery 
for pituitary/sellar tumors. Even in the absence of direct 
carotid injury, post-excision packing of the tumor cavity, 

A B C

D E

FIG. 11.2. Infarcts caused by mass effect from brain tumor and displacement and compression of cerebral blood vessels. (A) Left 
frontal glioblastoma multiforme (asterisk) causing rightward subfalcine herniation and displacement of the anterior cerebral arteries 
(arrows). (B) Rightward displacement of ACAs. (C) DWI image showing bilateral ACA territory infarcts (arrows). (D) ADC map con-
fi rming bilateral ACA territory infarcts (arrows). (E) CT scan from a few days later in same patient showing left occipital lobe infarct 
(arrows) caused by transtentorial herniation and compression of the posterior cerebral artery against the tentorium.
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intrasellar postoperative hemorrhage, and massive post-
operative tumor swelling after partial resection have all been 
reported to cause infarcts, presumably due to compression 
of the internal carotid arteries [46]. Cortical venous infarcts 
can occur after surgery in cases of fi rmly adherent extra-
axial tumors to the cortex [47].

Radiation therapy for treatment of head and neck can-
cer can lead to accelerated atherosclerosis of the cervical 
arterial supply to the brain and cause premature infarcts 

[42]. Radiation therapy for brain tumors can also cause a 
similar phenomenon in intracranial vessels.

Spinal Cord Infarction in Neuro-oncology
Spinal cord infarcts are rare. They are often caused by 

interruption of the spinal cord blood supply secondary to 
thromboemboli or iatrogenic interruption of the supply 
after aortic or retroperitoneal surgery, or endovascular pro-
cedures. Neuro-oncologic patients may be at higher risk for 

FIG. 11.3. Cerebral infarcts in a patient with proven intravascular lymphomatosis. Diffusion weighted images show multiple scat-
tered bilateral areas of high DWI signal, in keeping with infarcts. None of these areas demonstrated contrast enhancement at this time 
(not shown).

A B

FIG. 11.4. Acute infarct developing in right frontal lobe adjacent to surgical resection cavity (asterisks), after resection of right fron-
tal brain tumor. (A) DWI image showing high signal area (arrow) posterior to resection cavity. (B) ADC map showing low diffusion 
coeffi cient (arrow) in same area, confi rming infarct.



spinal cord infarcts. Spinal cord infarction has been reported 
in acute hydrocephalus due to a colloid cyst of the third ven-
tricle and downward brain herniation, presumably by pres-
sure on the spinal artery [48]. Intravascular lymphomatosis 
can also cause spinal cord infarcts [49]. Spinal cord infarcts 
have also been reported as rare complications of posterior 
fossa and pineal surgery in the sitting position [50].

Application of regular diffusion MRI to imaging of the 
spinal cord is limited secondary to susceptibility artifact 
from surrounding structures, motion from CSF pulsation, 
respiratory motion, carotid-vertebral pulsations and the 
small size of the spinal cord. Many different methods for 
early detection of spinal cord infarcts have been proposed 

[51]. One particularly useful technique is line scan diffu-
sion (LSD), with minimal susceptibility artifact, without the 
need for cardiac or respiratory gating, or fl ow compensa-
tion, all in a reasonable clinical timeframe [52].

CONCLUSION
Neuro-oncologic patients are at increased risk for 

CNS infarcts. A variety of imaging modalities are avail-
able for rapid evaluation and diagnosis of CNS infarcts in 
order to optimize the triage and management of these 
patients.
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NON-METASTATIC CEREBRAL VENOUS 
THROMBOSIS

Spontaneous thrombosis of cerebral venous sinuses, 
unrelated to tumor infi ltration or compression, is a rare 
complication of systemic cancer. In a recent clinical series, 
cerebral venous thrombosis (CVT) accounted for only 0.3% 
of neurologic consultations at a large cancer center [1]. 
Santoro et al performed a multicenter retrospective analy-
sis of ischemic stroke among 2318 children treated for acute 
lymphoblastic leukemia and identifi ed a prevalence of 
0.47%, all of which were due to CVT [2]. It presents impor-
tant management considerations, particularly regarding 
the need for anticoagulation.

The most common cause of spontaneous CVT is a sys-
temic coagulopathy that is associated with cancer or follows 
the administration of chemotherapy [1]. The most common 
chemotherapy to be associated with CVT is L-aspara ginase 
that is administered for acute leukemia or lymphoma. 
L-asparaginase is an enzymatic inhibitor of protein synthe-
sis and depletes plasma proteins involved in coagulation 
and fi brinolysis. Acquired or inherited coagulation defects 
may render patients more susceptible to the thrombotic 
complications of L-asparaginase. In a retrospective review 
of 19 pediatric patients with leukemia or lymphoma who 
were administered L-asparaginase-containing regimens, low 
levels of coagulation factors in association with increased 
plasma D-dimer levels during or after L-asparaginase 
administration, combined with fresh frozen plasma infu-
sion, were associated with vascular thrombosis [3]. 

Clinical Features
Non-metastatic CVT, whether it occurs in adults or 

children, is predominantly associated with hematologic 
malignancies, especially acute leukemia [1,4]. The most 
common venous structure to be affected is the superior 
sagittal sinus. When CVT is associated with L-asparaginase 
therapy, it typically occurs during or shortly after the induc-
tion therapy, but there are instances of late thrombosis [5]. 
The clinical signs of spontaneous CVT, similar to patients 

without cancer who develop CVT, include headache, vom-
iting, papilledema and seizures. These may occur alone or 
in combination. Additionally, focal neurological signs or 
encephalopathy can occur if there is an associated cerebral 
infarction or hemorrhage. The symptoms usually develop 
acutely but, rarely, CVT can present with only chronic 
headache and papilledema identifi ed on the physical 
examination. 

Method of Diagnosis
Brain magnetic resonance imaging (MRI) is the pro-

cedure of choice to identify CVT. Unenhanced MRI allows 
for visualization of the thrombus and also parenchymal 
abnormalities that may also be present due to infarc-
tion or hemorrhage. Enlarged collateral veins may also be 
observed. The ‘empty delta’ sign may be observed follow-
ing contrast injection, due to lack of fi lling in the area of 
thrombosis. The signal within the sinus may be diffi cult to 
interpret if the venous fl ow is slow, rather than obstructed, 
or if the occlusion is acute. In these instances, or if a CVT 
is suspected but is not visible on brain MRI or computed 
tomography (CT), magnetic resonance venography (MRV) 
or computed tomography venography is diagnostic of CVT.

Treatment and Prognosis
Spontaneous resolution or recanalization of CVT can 

occur when it is caused by a coagulopathy, especially when 
it occurs early in the course of cancer and when the tumor 
is responding to treatment. The prognosis is poor, however, 
when there is involvement of the deep venous sinuses [2]. 
The prognosis is also worse in patients with prothrombotic 
risk factors [6]. 

Treatment directed to the thrombosis should be consid-
ered for persistent and symptomatic cases. Anticoagulation, 
urokinase and endovascular thrombolysis are useful treat-
ments when sinus occlusion occurs in patients without 
cancer [7,8]. Santoro and colleagues reported no complica-
tions from anticoagulation in children with acute leukemia 
and CVT [2]. 

CHAPTER 12

Intracranial Veno-Occlusive Disease
Lisa R. Rogers 



METASTATIC CEREBRAL VENOUS 
THROMBOSIS

Cerebral venous sinuses or cortical veins may be com-
pressed or infi ltrated by tumors arising in or metastasizing 
to the skull or meninges. The altered venous fl ow may then 
result in stasis and thrombosis.

Clinical Features
Cancers, including solid tumors or lymphoma, that 

metastasize to the skull or dura can result in CVT due to 
adjacent venous compression or infi ltration. In this set-
ting, the cancer is usually widespread. Primary tumors of 
the skull or meninges, especially meningiomas, can also 
compress venous structures. Rarely, CVT is associated with 
metastasis to the leptomeninges [9]. The superior sagit-
tal sinus is the most common venous structure affected by 
compression/infi ltration, but other sites of compression 
can occur, depending upon the location of the tumor.

In contrast to spontaneous non-neoplastic CVT, throm-
bosis produced by skull or dural metastasis more often 

presents in a subacute fashion, with signs of increased 
intracranial pressure (e.g. headache, vomiting, papilledema). 
There may be focal neurologic signs or encephalopathy if the 
CVT results in venous infarction or hemorrhage [1]. 

Method of Diagnosis
Brain MRI or CT are useful to identify CVT as well as 

skull or dural tumor. As in non-metastatic CVT, venography 
by MRI or CT can be diagnostic of CVT if standard brain 
imaging is not.

Treatment and Prognosis
In contrast to non-metastatic CVT, the clinical course 

of metastatic CVT is generally progressive if left untreated 
and it can be fatal [10]. The thrombosis is less likely to 
spontaneously remit or recanalize. Depending on the type 
and location of tumor, radiation therapy or surgical inter-
vention should be considered. There are no data to support 
the use of anticoagulation in this condition. 
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INTRODUCTION
Paraneoplastic syndromes are complications of cancer 

that cannot be attributed to direct effects of the neoplasm 
or its metastases. Some of these disorders result from tissue-
specifi c autoimmunity initiated by the immune response 
against cancer. The most dramatic examples of cancer-related 
autoimmunity are the paraneoplastic neurological disorders 
(PND). Certain cancers that express onconeural proteins 
(proteins that are usually restricted to the nervous system) 
are particularly prone to induce neurological autoimmunity. 
The pathogenesis of most PND is thought to involve cytotoxic 
T lymphocytes, which presumably recognize autoantigens in 
the context of MHC Class I on both tumor cells and neurons 
[1]. Antibodies against neuronal antigens may be produced as 
well. These paraneoplastic autoantibodies are useful diagnos-
tic markers even if they are not directly pathogenic.

Paraneoplastic neurological disorders can involve any 
part of the nervous system and may affect multiple areas 
simultaneously (Table 13.1). Some PND have unique clini-
cal characteristics and should be easily recognized (e.g. 
paraneoplastic cerebellar degeneration, sensory neuron-
opathy and limbic encephalitis). Others may be indistin-
guishable from more common neurological disorders (e.g. 
peripheral neuropathy, myasthenia gravis, motor neuron 
disease and myelitis). In these cases, the association with 
cancer may be under-recognized because of the absence of 
clinical suspicion.

Although the neurological symptoms vary between 
different disorders, most PND share some common clini-
cal features. The neurological syndromes have a subacute 
onset and progressive course. Symptoms typically develop 
over weeks or months, but can progress more rapidly 
(over a few days) in some cases. The median age of onset 
is around 65 years, with a wide range. In American studies, 
female patients predominate (about 2:1) even when cases 
of gender specifi c tumors (breast, ovary and testes) are not 
considered [2,3]. The neurological illness precedes the diag-
nosis of cancer in the majority of cases. As a result, misdiag-
nosis or delay in diagnosis of PND is common. In patients 
with a previous history of cancer, the onset of neurological 

CHAPTER 13

Paraneoplastic Syndromes
Steven Vernino and E. Paul Lindell

Brain and eye
 Cerebellar degeneration
 Limbic encephalitis [15]
 Brainstem encephalitis [18]
 Opsoclonus-myoclonus
 Chorea [19]
 Optic neuritis
 Retinal degeneration

Spinal cord
 Myelopathy
 Myelitis with rigidity and spasms (‘stiff-person’ syndrome)
 Motor neuronopathy

Nerve
 Sensory neuronopathy (pure sensory neuropathy)
 Sensorimotor peripheral neuropathy (subacute or chronic) [20]
 Autonomic neuropathy, gastrointestinal dysmotility [2]

Neuromuscular junction/muscle
 Lambert-Eaton myasthenic syndrome
 Myasthenia gravis
 Dermatomyositis
 Neuromyotonia

Multifocal disorders (encephalomyeloneuropathies)
 Combination of those above and others

T A B L E  1 3 - 1  Paraneoplastic neurological syndromes

symptoms may herald cancer recurrence. Even when the 
diagnosis of PND is suspected, the initial search for malig-
nancy may be unrevealing. Tumors, when found, tend to 
be limited in stage [4]. Several reports suggest that patients 
with PND have a favorable cancer outcome (survival and 
treatment response) compared to those with identical 
tumors without PND [5–8]. The neurological disorder, on 
the other hand, may progress relentlessly despite treatment 
and patients are often left with signifi cant neurological 
disability [5,9,10].

Overall, paraneoplastic neurological disorders are quite 
rare (estimated at 0.01% of cancer patients) [11]. Certain 
malignancies are more likely to be associated with PND. 
About 30% of patients with thymoma have some form of 



neurological autoimmunity, mostly myasthenia gravis [12]. 
Small cell carcinoma, most commonly arising in the lung, is 
associated with one or more PND in up to 3% of cases [13,14]. 
Other malignancies with defi nite PND associations include 
gynecological malignancies, arising from the breast, ovary, 
fallopian tube and peritoneum, Hodgkin’s and non-Hodgkin’s 
lymphoma, testicular cancer and neuroblastoma. PND occur 
at a much lower frequency in patients with non-small cell 
lung, renal, uterine and melanotic skin cancers. All PND are 
rare, but several classical syndromes are distinctive and com-
mon enough to warrant specifi c attention. Neuroimaging is 
important in the evaluation of PND of the central nervous 
system, but generally does not contribute to the diagnosis of 
PND restricted to the peripheral nervous system. Body imag-
ing studies are very important in determining the presence 
and location of an underlying malignancy.

PARANEOPLASTIC CEREBELLAR 
DEGENERATION

Paraneoplastic cerebellar degeneration (PCD) presents 
as non-specifi c gait unsteadiness which progresses to 
a severe cerebellar ataxia over a few weeks or months. 
Occasionally, an acute onset may suggest brainstem or cere-
bellar stroke. More insidious onset may be confused with the 
inherited or degenerative ataxias. The typical clinical fea-
tures are disabling incoordination of gait, trunk and limbs 
and an ataxic dysarthria. Often, severe vertigo with nausea, 
diplopia, nystagamus and oscillopsia are early complaints. 
Within a few months, most patients will lose the ability to 
walk or even sit independently, lose the ability to write or 
feed themselves and lose the ability to communicate effec-
tively [8,9]. Dramatic tremors of the limbs and head (tituba-
tion) may occur. Symptoms often stabilize spontaneously, 
but usually leave the patient with severe ataxia and loss of 
independence. The classical association is with ovarian or 
breast carcinoma and the ataxia usually precedes the diag-
nosis of cancer. Autoantibodies reactive against the cyto-
plasm of cerebellar Purkinje cells (Purkinje cell antibody 
type I; PCA-1 or ‘anti-Yo’) may be found in the serum or cere-
brospinal fl uid (CSF) as markers of these tumors. PCD may 
also occur in the context of other malignancies (especially 
small cell lung carcinoma or Hodgkin’s lymphoma) with dif-
ferent antibody markers (Table 13.2). Pathologically, PCD 
may be associated with lymphocytic infi ltration in the cere-
bellum and progressive loss of cerebellar Purkinje cells.

LIMBIC ENCEPHALITIS
Paraneoplastic limbic encephalitis (PLE) is character-

ized by the triad of short-term memory impairment, tem-
poral lobe seizures and psychiatric symptoms (commonly 
depression, psychosis or change in personality). Two-thirds 
of patients have overt seizures (usually complex partial 
temporal lobe seizures) which may be diffi cult to cont-
rol [15]. PLE may stabilize or partially improve following 

treatment of the cancer or treatment with immunomodu-
latory therapies, but most patients are left with residual 
memory impairment and seizures.

At initial presentation, PLE must be distinguished from 
other forms of limbic encephalitis, including herpes simplex 
virus infection and various forms of non-paraneoplastic 
autoimmune encephalopathy [16]. The most common 
tumors associated with PLE are small cell lung carcinoma 
(SCLC), testicular cancer, breast cancer and thymoma. The 
neurological syndrome antedates the diagnosis of cancer in 
most cases. Several autoantibody markers have been asso-
ciated with PLE including anti-Hu (ANNA-1) and anti-Ma 
(see Table 13.2). The autoantibody fi ndings are very useful 
in directing the search for occult malignancy, but up to 30% 
of patients with PLE and cancer have negative antibody 
studies [15]. In those cases, a search for malignancy must 
be conducted according to the patient’s individual cancer 
risk factors.
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Antibody Usual tumor Commonly associated syndromes

Neuronal antibodies against nuclear or cytoplasmic antigens
ANNA-1  SCLC Limbic encephalitis, ataxia, 
 (anti-Hu)*[2]    sensory neuronopathy, autonomic
   and sensorimotor neuropathies
CRMP-5 (anti- SCLC or Encephalomyelitis, chorea,
 CV2)[22]  thymoma  neuropathy, optic neuritis
PCA-1  Ovarian or  Paraneoplastic cerebellar 
 (anti-Yo)   breast  degeneration
Anti-Ma [18] Lung, breast  Limbic and brainstem encephalitis
  or testicular
Amphiphysin  Lung or breast Encephalomyelitis, neuropathy, 
  cancer  ‘stiff-person syndrome’
PCA-2  SCLC Encephalomyelitis
ANNA-2  Lung or breast Ataxia, opsoclonus-myoclonus,
 (anti-Ri)  cancer  neuropathy
PCA-Tr  Hodgkin’s  Paraneoplastic cerebellar 
 (anti-Tr)  lymphoma   degeneration
ANNA-3  SCLC Encephalomyelitis
Anti-zic4 SCLC Ataxia
Recoverin SCLC Cancer-associated retinopathy

Ion channel autoantibodies
P/Q-type  SCLC (60%) Lambert-Eaton syndrome, 
VGCC   cerebellar degeneration
N-type  Lung or breast Encephalomyelitis, neuropathy
VGCC  cancer 
Muscle  Thymoma Myasthenia gravis
AChR  (15%)
VGKC  Thymoma or  Neuromyotonia, limbic 
  SCLC  encephalitis
mGluR1  Hodgkin’s  Paraneoplastic cerebellar 
  lymphoma  degeneration

T A B L E  1 3 - 2  Neuronal paraneoplastic autoantibodies

* Alternate nomenclature is indicated in parentheses. SCLC: small 
cell lung carcinoma



BRAINSTEM ENCEPHALITIS
This syndrome is characterized by prominent eye move-

ment abnormalities (vertical gaze palsy, ophthalmoplegia, 
double vision, complex nystagamus or other involuntary 
eye movements) often associated with disorders of sleep 
and wakefulness (including excessive somnolence or cen-
tral sleep apnea). Other cranial nerve fi ndings include pto-
sis, facial weakness, fl accid dysarthria, dysphagia, subacute 
hearing loss and jaw or eyelid dystonia [17,18]. Symptoms 
of brainstem encephalitis may occur in combination with 
those of PLE, PCD, or opsoclonus/myoclonus. Several differ-
ent cancers have been associated including SCLC, testicular 
and breast cancer.

OPSOCLONUS/MYOCLONUS
Opsoclonus refers to involuntary, chaotic, high-

amplitude conjugate eye movements often associated with 
diffuse or focal myoclonus (involuntary brief muscle jerks 
of the trunk or limbs). This syndrome may occur in chil-
dren with neuroblastoma. The neurological syndrome often 
improves with treatment of the neuroblastoma along with 
ACTH or prednisone, although many children are left with 
some degree of incoordination. In adults, less than half of 
patients with opsoclonus/myoclonus have cancer. Other 
etiologies include viral encephalitis, drug intoxication and 
idiopathic autoimmune causes. Patients without cancer 
may respond to immunomodulatory treatment and make 
a good recovery. Adults with paraneoplastic opsoclonus/
myoclonus may also have features of PCD, PLE or brain-
stem encephalitis.

PARANEOPLASTIC CHOREA
Tremor and other movement disorders may occur in 

cancer patients, but are usually not manifestations of paraneo-
plastic autoimmunity [19]. However, the subacute onset of 
generalized or focal chorea in an adult may represent a para-
neoplastic neurological disorder. Chorea refers to involun-
tary, random and coordinated but purposeless movements 
of one or more parts of the body. Chorea is a slow move-
ment, often described as writhing or ‘snake-like’. Chorea 
of the face (orofacial dyskinesia) consists of excessive purs-
ing of the lips, grimacing or blinking and may be associated 
with a strained voice. Patients are often unconcerned by or 
even unaware of these movements. Observers may attribute 
the movements to restlessness or fi dgeting. Chorea in adults 
can have diverse causes, but subacute onset in a patient over 
60 years old and association with other neurological symp-
toms should strongly raise the possibility of a paraneoplastic 
disorder [19]. Paraneoplastic chorea may also present with 
signifi cant side-to-side asymmetry. Based on pathological 
and radiological fi ndings, paraneoplastic chorea appears to 
be the result of infl ammation affecting extrapyramidal cir-
cuits including the caudate. Most patients have autoanti-
bodies against the CRMP-5 protein (also known as ‘anti-CV2’ 

antibodies) in serum and CSF and the most commonly asso-
ciated malignancy is SCLC.

PERIPHERAL NERVOUS SYSTEM 
DISORDERS

Signs and symptoms of a peripheral sensorimotor neu-
ropathy (numbness in the feet and fi ngers or distal weak-
ness) are very common in cancer patients. Neuropathy may 
present well in advance of the cancer diagnosis and is argua-
bly the most common paraneoplastic neurological syndrome. 
One study estimated that 4.5% of patients with unexplained 
adult onset axonal sensorimotor neuropathy have a malig-
nancy [20]. The exact incidence of neuropathy as a PND, 
however, remains uncertain. In many cases, the characteris-
tics of a paraneoplastic peripheral neuropathy are those of a 
mixed sensory and motor length-dependent axonal neuropa-
thy indistinguishable from the non-paraneoplastic neuropa-
thies commonly encountered in the neurology clinic. A few 
clinical features should increase the suspicion of PND. The 
onset of paraneoplastic neuropathy tends to be more rapid 
with progression of symptoms, signs and electrophysiologi-
cal changes over weeks or months. Pain is typical. Analysis 
of CSF may show mild abnormalities. Peripheral neuropathy 
has been associated with a number of cancers (small cell and 
non-small cell lung cancer, breast cancer and thymoma) and 
with several autoantibody markers (see Table 13.2). However, 
antibody studies are negative in many patients with paraneo-
plastic peripheral sensorimotor neuropathy [20].

Progressive neuropathy that exclusively affects the 
sensory nerves has been termed pure sensory neuropa-
thy, sensory ganglionopathy or sensory neuronopathy. 
This disorder is more easily recognized as a PND. About 
20% of cases of sensory neuronopathy are paraneoplastic; 
the remainder are either idiopathic or are associated with 
systemic autoimmune disease (notably Sjogren syndrome) 
or toxin exposure (including chemotherapy agents). Initial 
symptoms may commence in the upper or lower extrem-
ity and consist of distal pain, numbness and paresthesias 
which can be asymmetric. Because of marked loss of pro-
prioception, clumsiness and gait unsteadiness develop 
(sensory ataxia). With eyes closed, the loss of balance and 
coordination becomes much worse (Romberg sign) and 
slow wandering movements of the digits or limbs (pseu-
doathetosis) may be seen. Muscle stretch refl exes are usu-
ally absent. Often, the disorder progresses relentlessly over 
weeks or months and leads to signifi cant disability. Because 
of profound sensory loss, the patient may be unaware of 
serious injuries to the extremities. Any of several paraneo-
plastic antibodies may be found, but the typical correlation 
is with the anti-Hu (ANNA-1) antibody. SCLC is the most 
commonly associated tumor. Typically, the neurological 
syndrome precedes the diagnosis of cancer and the detec-
tion of cancer may be delayed by over a year despite inten-
sive surveillance.
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MYASTHENIA GRAVIS AND 
LAMBERT-EATON SYNDROME

These two disorders differ from the disorders described 
above in two important respects. First, antibodies against ion 
channels are not only a specifi c diagnostic marker, but also 
directly cause the disease. Secondly, patients often respond 
well to treatment. Myasthenia gravis (MG) is the prototypi-
cal autoimmune neurological disorder. Patients present with 
fatiguable weakness which usually affects the eyes (causing 
ptosis and diplopia). Antibodies against acetylcholine recep-
tors at the neuromuscular junction cause the disease and 
can be detected in the serum in about 85% of MG patients. 
Up to 15% of patients with MG have thymoma. In Lambert-
Eaton syndrome (LES), antibodies against P/Q-type voltage-
gated calcium channels on the motor nerve terminal lead to 
ineffi ciency of neuromuscular transmission. LES is a para-
neoplastic disorder associated with SCLC in about 60% of 
adult patients. Patients with paraneoplastic LES usually 
present after age 40 with complaints of generalized weak-
ness and fatigue. When LES is associated with SCLC, features 
of other neurological syndromes may coexist and other 
paraneo plastic antibodies may be detected in addition to 
calcium channel antibodies.

LABORATORY FINDINGS
Since PND usually predates the diagnosis of cancer and 

routine laboratory tests in patients with these disorders are 
usually normal, diagnosis of PND depends on clinical sus-
picion. Analysis of CSF may be normal or show only mild 
lymphocytic pleocytosis and elevated protein. Oligoclonal 
bands and increased CSF IgG synthesis rate are seen in a 
minority of cases. The advent and expansion of testing for 
paraneoplastic neurological autoantibodies has been a great 
help in diagnosing PND.

Paraneoplastic antibodies are important as surrogate 
markers of a specifi c immune response to cancer. Neuronal 
nuclear and cytoplasmic antibodies are highly specifi c for 
the presence of cancer and also predictive of the cancer type. 
Nearly 90% of patients with ANNA-1 antibodies have SCLC 
and over 90% of patients with PCA-1 have cancer (76% ovar-
ian or related peritoneal tumors and 13% breast cancer) 
[2,21]. Thus, fi nding a neuronal nuclear or cytoplasmic anti-
body in a patient with a neurological syndrome should man-
date a thorough evaluation for occult malignancy and close 
oncological follow-up if cancer is not detected on the initial 
search. The antibody specifi city helps direct the search for 
cancer by predicting the most likely cancer. Unfortunately, 
even comprehensive testing for all known paraneoplastic 
antibodies lacks the sensitivity to completely exclude a PND.

EVALUATION AND TREATMENT
The evaluation of a PND requires an initial clinical 

suspicion. These disorders usually precede a diagnosis of 

cancer and the tumors are typically limited in stage. Some 
clinical syndromes (including those described above) 
should immediately raise the possibility of PND and lead to 
a cancer evaluation regardless of serological results. Many 
other patients with PND have atypical, unusual or multifo-
cal neurological complaints that are hard to characterize or 
localize neuroanatomically. Testing for paraneoplastic anti-
bodies can help confi rm the diagnosis of PND and direct 
the search for occult malignancy. Neurological imaging 
studies are an important part of the evaluation especially 
to help exclude alternative diagnoses, such as metast-
ases, infection, demyelinating disease and cerebrovascular 
disorders.

Cancer evaluation starts with a complete medical his-
tory and examination. The search for malignancy then 
relies heavily on body imaging studies. Suspicious lesions 
on these imaging studies should be subjected to biopsy to 
confi rm the cancer diagnosis and guide treatment.

Tumor therapy is the standard approach to treating 
PND. A complete oncological remission can be associated 
with stabilization or even improvement in the neurologi-
cal syndrome [3]. Hence, early tumor diagnosis and prompt 
institution of therapy is critical. In addition to eliminating 
the tumor as the stimulus for the autoimmune syndrome, 
many chemotherapy regimens also provide direct immu-
nosuppressive effects. Once a tumor remission is achieved, 
the serum titers of paraneoplastic antibodies tend to decline 
slowly over time, but may never normalize. A relapse of 
neurological symptoms or onset of a new unexplained neu-
rological syndrome may herald tumor recurrence. A rise in 
the paraneoplastic antibody titer can also signal the return 
of cancer, but monitoring of paraneoplastic serology over 
time is not effi cient or reliable for this purpose. In cases of 
PND where cancer cannot be identifi ed despite an exhaus-
tive search, or where the neurological symptoms progress 
despite cancer remission, immunomodulatory therapies 
can be considered [5].

SUMMARY 
Paraneoplastic neurological syndromes represent 

uncommon immunological complications of certain malig-
nancies. Clinical manifestations can be quite varied and 
multifocal in the nervous system. Several distinct clinical 
syndromes are recognized including sensory neuronopathy, 
cerebellar degeneration, limbic encephalitis and Lambert-
Eaton myasthenic syndrome. These disorders are usually 
associated with a subacute onset and signifi cant disability. 
Typically, the neurological presentation antedates the diag-
nosis of malignancy and the cancer, when found, tends to 
be localized and responsive to treatment. Diagnosis depends 
on clinical suspicion, serology for paraneoplastic antibodies 
and a focused search for cancer. Imaging studies are impor-
tant in the diagnosis of central nervous system disorders and 
also for the detection of occult malignancy.
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INTRODUCTION
The cervical, brachial, lumbar and sacral plexuses 

constitute the primary plexuses of the peripheral nervous 
system (PNS), with the lumbar and sacral plexuses typi-
cally discussed together as the lumbosacral (LS) plexus. 
Neoplastic processes may involve any of these plexuses 
with signifi cant adverse effects on patients’ quality of life. 
When misattributed to other orthopedic or neuromus-
cular conditions, therapeutic delay results which further 
adversely affects outcome. Most patients with metastatic 
involvement have advanced neoplastic spread and die from 
vital organ complications. To improve survival and quality 
of life, clinicians must possess an understanding of plexus 
anatomy, the clinical features associated with plexopathies 
and the diagnostic and therapeutic options available.

CLASSIFICATION
In 2000, the World Health Organization classifi ed 

peripheral nerve tumors into four categories:

1 neurofi bromas
2 schwannomas
3 perineuriomas (intraneural and extraneural)
4 malignant neural sheath tumors (NSTs).

The latter, which are also called neurogenic sarcomas, 
include malignancies of peripheral nerve origin or with 
nerve sheath differentiation, excluding tumors of epineurial 
or vascular origin [1]. A more practical approach uses two 
features, malignant status and cell of origin, to classify these 
tumors into four categories: benign NSTs; benign non-
NSTs; malignant NSTs; and malignant non-NSTs. The latter 
category includes all malignant tumors of extraplexal origin 
that invade the plexus by direct extension or metastasis.

PLEXUS ANATOMY

Cervical Plexus
Upon exiting the intervertebral foramen, each spi-

nal nerve gives off a posteriorly directed posterior primary 
ramus and then continues as the anterior primary ramus 

(APR). The cervical plexus is derived from the C1–C4 APR 
and is located superfi cial to the scalenus medius and leva-
tor scapulae and deep to the sternocleidomastoid (Figure 
14.1). The sensory nerves from this plexus (lesser occipital, 
greater auricular, transverse cutaneous and supraclavicular 
nerves) supply sensation to the back of the head, neck and 
cape area. Its motor branches supply the diaphragm, inf-
rahyoid, scalenus medius, trapezius, levator scapulae and 
C1–C4 paravertebral muscles. Postganglionic sympathetic 
fi bers, derived from the superior cervical ganglion, also 
traverse this plexus [2,3].

Brachial Plexus
The brachial plexus (BP) is composed of fi ve roots (C5–

T1), three trunks (upper, middle, lower), six divisions (three 
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anterior; three posterior), three cords (lateral, posterior, 
middle) and several terminal nerves (Figure 14.2). Nerve 
elements derived from the BP include motor branches 
to the phrenic, dorsal scapular and long thoracic nerves 
(via the C5 APR); branches to the long thoracic nerve (via 
C6–7 APR); the suprascapular nerve (via the upper trunk); 
the lateral pectoral and musculocutaneous nerves and the 
lateral head of the median nerve (via the lateral cord); the 
subscapular, thoracodorsal, axillary, and radial nerves (via 
the posterior cord); and the medial pectoral, medial bra-
chial cutaneous, medial antebrachial cutaneous, and ulnar 
nerves and the medial head of the median nerve (via the 
medial cord) [2]. Conceptually, the supraclavicular plexus is 
divided into three parts: upper plexus (upper trunk; C5 and 
C6 roots), middle plexus (middle trunk; C7 root) and lower 
plexus (lower trunk; C8 and T1 roots). Many tumors associ-
ated with metastatic BP lesions drain to the lateral axillary 
lymph nodes near the lower trunk and its divisions, produc-
ing lower plexopathies. Since the upper trunk and its divi-
sions are relatively free of lymph nodes, upper plexopathies 
are less commonly the onset site for metastatic disease aris-
ing from the lymphatic system [4].

Lumbosacral Plexus
The LS plexus lies in the retroperitoneal space (Figure 

14.3). The lumbar plexus receives nerve fi bers from the 
L1–L4 APR, and often T12 APR. Fibers from the L4 and L5 
APR join to form the LS trunk which, in turn, joins the S1–
S4 APR to form the sacral plexus. This plexus gives off the 
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iliohypogastric, ilioinguinal, genitofemoral, obturator, fem-
oral, lateral femoral cutaneous, common peroneal, tibial, 
superior and inferior gluteal, pudendal and posterior femo-
ral cutaneous nerves, as well as motor branches to the psoas 
and iliacus muscles. A portion of S4 APR contributes to the 
coccygeal plexus. The lumbar plexus is situated within the 
upper two-thirds of the psoas major. The iliohypogastric, 
ilioinguinal and genitofemoral nerves descend posterior to 
the iliac fascia and paraaortic and iliac lymph nodes. The 
sacral plexus lies within the pelvis adjacent to the rectum, 
colon and ureter. The lumbar and sacral plexuses receive 
their blood supply from lumbar arteries derived from the 
abdominal aorta and internal iliac artery, respectively [2].

EPIDEMIOLOGY AND RISK FACTORS
Although only 1% of cancer patients develop neo-

plastic plexopathies, approximately 15% of BP lesions are 
due to plexus tumors, most commonly neurofi bromas 
and schwannomas [5–7]. Neurofi bromas are more com-
mon in patients with neurofi bromatosis 1 (NF1) [8,9], but 
only 10% of patients with solitary neurofi bromas have NF1 
[10]. Those tumors associated with NF1 tend to be larger, 
are more frequently multiple or plexiform, and manifest 
at an earlier age [7,11]. Sporadic neurofi bromas are more 
frequent on the right and are more common in women 
[11]. The risk of malignant degeneration in solitary neu-
rofi bromas is low, but occurs in 5–10% of NF1 patients 
[12,13]. Schwannomas are more common in the head and 
neck and along major nerve trunks [14]. Their incidence 
peaks in the fourth and fi fth decades and is higher in 
women [7,11,15,16].

The incidence of non-NSTs is lower than that of NSTs. 
Malignant NSTs, which account for 10% of sarcomas, are 
rare, with an incidence of 0.001%; this increases to 4.6% in 
NF1 patients [17,18]. Fifty percent of these tumors occur in 
NF1 patients, with a lifetime risk of 2–10% and an expected 
life reduction of 10–15 years [19,20,21]. NF1 patients with 
malignant NSTs present one to two decades earlier [22]. 
Reported fi gures on the incidence of metastatic plexopa-
thies are suspect, since plexus evaluations may not be 
undertaken when study results would not affect manage-
ment or when patients are too ill or refuse such evaluations. 
Overall, the most common metastatic lesion to involve 
peripheral nerve, and usually the BP, is breast carcinoma 
[8,15], which more frequently involves middle-aged to 
elderly females.

The incidence of primary neoplastic plexopathies 
is not uniform among the plexuses. Most involve the BP 
[23]. In adults, solitary neurofi bromas commonly involve 
the supraclavicular plexus, especially the upper and mid-
dle plexuses [6,7,11,15,24,25]. This distribution is less pro-
nounced among NF1 patients [6,7]. Schwannomas more 
commonly involve the upper plexus [6,7,15]. Less than 1% 
of patients with neoplasms have LS plexus involvement 

[26,27]. Nonetheless, malignancy constitutes the most com-
mon diagnosis in patients presenting with LS plexopathies 
[28,29]. Risk factors for the primary neoplastic plexopathies 
include NF1, NF2 and prior radiation to the area. About 
11% of malignant NSTs follow radiation, with a latency 
period ranging from 4 to 41 years (average, 15 years) [30,31].

PATHOGENESIS AND 
PATHOPHYSIOLOGY

Schwannomas and neurofi bromas grow along a spec-
trum ranging from discrete, paraneural schwannomas to 
poorly delineated, plexiform neurofi bromas. Schwannomas 
typically are solitary, benign, slow growing tumors aris-
ing anywhere along the neural sheath, especially on spinal 
roots at the myelination transition zone (where Schwann 
cells and oligodendrocytes abut). Larger lesions may com-
press adjacent nerves. Rarely, schwannomas are multi-
ple, undergo malignant transformation, or occur in NF1 
patients [32]. Solitary neurofi bromas, which probably arise 
from perineural fi broblasts, involve the entire cross-section 
of the nerve [7,8,15,33]. Since plexiform neurofi bromas do 
not have a capsule, they are infi ltrative and typically many 
inches long at presentation [23]. Malignant NSTs arise 
commonly de novo or via the malignant transformation of 
a plexiform neurofi broma, less commonly from a solitary 
intraneural neurofi broma or ganglioneuroma, and rarely 
from a schwannoma [21,34]. Malignant NSTs spread via 
direct extension or blood-borne metastasis.

Secondary neoplastic plexopathies refl ect inva-
sion from extraplexal sources, such as adjacent primary 
or metastatic malignancies or lymph node metastases. 
Infi ltration may also occur through the blood in hemato-
logical malignancies and via spinal fl uid in both hemato-
logic and certain solid malignancies (especially breast and 
lung cancer and melanoma) [35]. Intraneural metasta-
sis is rare. Compression may disrupt plexus fi ber integrity 
(e.g. metastatic axillary lymphadenopathy) [36–38]. When 
chemotherapy-induced immunosuppression results in tho-
racic outlet infection, indirect BP involvement may occur 
[39–41]. Leukemic infi ltrates may produce vascular occlu-
sion and plexus infarction.

Although nerve fi bers can be damaged by neoplastic 
processes in a variety of ways, their pathologic responses 
are limited to axon loss (most common) and demyeli-
nation. Depending on the fi ber type affected, axon loss 
results in conduction failure and weakness, sensory loss 
and dysautonomia. When the insult to myelinated fi bers 
is insuffi cient to cause axon disruption, isolated demyeli-
nation may occur. Unlike axon loss, demyelination does 
not induce distal changes, producing either conduction 
block, when nerve impulses cannot traverse the lesion site, 
or conduction slowing. Demyelination can be observed 
with abrupt onset lesions, but even then, axon loss usually 
occurs.



CLINICAL FEATURES
The main clinical features associated with neoplasia 

include pain and sensorimotor dysfunction, depending on 
the plexus region and fi ber types involved. Benign NSTs 
usually present as painless, palpable masses over the course 
of a nerve, often with Tinel’s sign and lateral, but not lon-
gitudinal, mobility [23,42]. Due to the slow growth rate of 
these tumors, pain and neurologic defi cit are infrequent, 
but more common with neurofi bromas [8,15,34,42–44]. 
Although malignant NSTs can occur sporadically, they more 
commonly develop from pre-existing plexiform neurofi -
bromas. They present as painful, rapidly expanding masses 
with progressive neurologic dysfunction [11,13]. Patients 
with metastatic plexopathies typically present with severe 
pain. Most of these patients are already known to harbor 
a malignancy, have already been treated, and have widely 
metastatic disease.

With metastatic cervical plexopathies, pain radiating to 
the neck, shoulder, or throat that worsens with swallowing 
or neck movement is the primary symptom [27]. Sensory 
disturbances are frequent. Motor involvement may go 
unrecognized when the affected muscle is multiply inner-
vated or not easily assessed [3,27,45,46]. With intraspinal 
canal extension, respiratory paralysis (epidural spinal cord 
compression) and Horner’s syndrome (sympathetic trunk 
involvement) may occur. Mass lesions or lymphadenopathy 
may be noted on general examination.

Most metastatic brachial plexopathies present with 
pain involving the shoulder or axilla with radiation along 
the medial aspects of the arm, forearm and hand [4]. As the 
malignancy spreads, progressive neurologic dysfunction 
occurs. With upper plexopathies (C5, C6), weakness may 
cause the arm to assume the ‘waiter’s tip’ position (i.e. 
adduction and internal rotation of the shoulder, extension 
and pronation of the arm and forearm and posterolateral 
rotation of the palm). Sensory disturbances occur along 
the lateral aspects of the arm, forearm and hand and the 
biceps and brachioradialis refl exes may be lost. With middle 
plexopathies, weakness is confi ned to C7 muscles. Sensory 
abnormalities occur along the posterolateral arm, dorsal 
forearm and lateral hand. The triceps refl ex may be affected. 
With lower plexus involvement, weakness involves C8/T1 
muscles and sensory disturbances occur along the medial 
arm, forearm and hand. An ipsilateral Horner’s sign occurs 
in 25% of cases [5]. The fi nger fl exor refl ex may be affected. 
The medial extent of the hand symptoms refl ects the dor-
sal root ganglion (DRG) from which the affected sensory 
nerve fi bers originate [47]. Lateral cord lesions may produce 
weakness of the biceps, brachialis, pronator teres and fl exor 
carpi radialis and sensory disturbances in the lateral fore-
arm or hand. Posterior cord lesions may cause weakness in 
muscles innervated by the subscapular, thoracodorsal, axil-
lary and radial nerves. Sensory disturbances in the upper 
and lower lateral brachial cutaneous, posterior brachial 
and antebrachial cutaneous and superfi cial radial nerves 

may occur. Medial cord lesions may generate weakness in 
C8/T1-ulnar, C8/T1-median or C8-radial nerve innervated 
muscles, as well as sensory disturbances in the medial 
brachial and antebrachial and ulnar nerve distributions. 
Terminal nerve involvement produces sensorimotor abnor-
malities restricted to the domains of the affected nerve.

Approximately 15% of patients with neoplastic LS plex-
opathies present without a known malignancy [26]. Pain is 
the most common and, often, the most disabling feature, 
typically preceding any other symptom by weeks to months 
[26,27,48,49]. With lumbar plexopathies, pain occurs in the 
lower torso, buttock, hip, anterolateral thigh and medial leg 
regions; it more commonly occurs in the posterolateral thigh, 
remainder of the leg and foot with sacral plexus involvement 
[26,50]. The pain may be elicited or exacerbated by reverse 
straight leg testing (lumbar plexus) or by straight leg testing 
(sacral plexus). Upper lumbar plexopathies are associated 
with sensory disturbances in the cutaneous distributions of 
the iliohypogastric, ilioinguinal and genitofemoral nerves. 
More inferior lesions affect fi bers destined for the femoral 
(anteromedial thigh and medial leg sensation; hip fl exor and 
knee extensor strength; quadriceps refl ex), obturator (supero-
medial thigh sensation, thigh adductor strength, adductor 
refl ex), or lateral femoral cutaneous nerve. When LS trunk or 
upper sacral plexus involvement affects fi bers destined for 
the deep peroneal nerve, foot drop may result. Lower sac-
ral plexopathies produce weakness in the thigh extensors 
and abductors, leg fl exors and foot, sensory disturbances in 
the posterior thigh, leg (sparing the medial aspect) and foot 
and, when S1-derived nerve fi bers are involved, ankle refl ex 
changes. Patients with deep pelvic tumors often present with 
sensory disturbances in the perineum and perianal area 
prior to leg pain or weakness. Other features associated with 
pelvic malignancy include sciatic notch tenderness, anal 
sphincter tone abnormalities, urinary incontinence, leg or 
penile edema, thrombophlebitis, ascites, hepatosplenomeg-
aly and generalized lymphadenopathy [27,48–51]. When ret-
roperitoneal lymph node metastases involve the LS plexus, 
fi ndings include vertebral body destruction, leg edema and 
features of ureteral obstruction [52,53].

ASSOCIATED NEOPLASTIC DISORDERS
Most neoplastic cervical plexopathies are due to the 

direct invasion of tumor from adjacent tissues; invasion via 
adjacent metastases is less frequent [27]. Breast and lung 
cancers account for 70% of the primary tumors involving 
the BP [4]. Apical lung cancers are the most common non-
metastatic malignancy to involve the BP [54]. Other sources 
include lymphoma, sarcoma, melanoma, thyroid, testicular, 
bladder, gastrointestinal and head and neck cancer [5,15,43]. 
Intraneural metastasis is rare, but has been reported with 
carcinoid and hematologic malignancies [55–61]. Colorectal 
carcinoma, sarcoma, breast cancer, lymphoma and carci-
noma of the cervix most usually affect the LS plexus [5,15].
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Primary neoplastic plexopathies are infrequent and 
usually occur in the BP [8]. Of these, schwannomas and 
neurofi bromas predominate, most of which are benign [6,7]. 
Benign non-NSTs include desmoid, lipoma, hamartoma, 
ganglioneuroma, myoblastoma, lymphangioma, myosi-
tis ossifi cans, osteochondroma and vascular tumors (e.g. 
venous angioma, hemangiopericytoma, glomus tumor 
hemangioblastoma) [6,7,62,63]. Malignant non-NSTs can 
directly extend or metastasize to nerve. Most malignant 
non-NSTs of the BP are accounted for by breast and lung 
cancer and melanoma.

While most secondary malignancies of the BP do not 
involve particular plexus regions [4], breast, head and neck 
and apical lung cancers are exceptions. Breast cancer favors 
the infraclavicular plexus when it metastasizes to the lat-
eral axillary lymph nodes, head and neck cancer favors the 
upper plexus when it infi ltrates from above and apical lung 
cancers favor the lower plexus with infi ltration below. Other 
common BP malignancies include lymphoma, melanoma 
and esophageal and bladder cancer [64].

A variety of malignant carcinomas and lymphoreticular 
tumors involve the LS plexus. These may be restricted to the 
lumbar (31%), sacral (51%), or LS (18%) plexus [26]. Most 
secondary lesions refl ect direct invasion from primary pel-
vic malignancies; less commonly, metastatic growth from 
regional lymph nodes or bone occurs [5]. Direct extension 
from an intra-abdominal source more commonly affects the 
lumbar plexus, whereas metastatic involvement more com-
monly involves the sacral plexus [26]. The most common 
neoplastic LS plexopathy is invasive colorectal carcinoma 
[65], while breast cancer is the most common cause of 
metastatic plexopathy [26]. Other common sources include 
uterine and cervical malignancies, retroperitoneal sarcoma, 
lymphoma, melanoma and myeloma, as well as lung, testic-
ular, thyroid, renal and bladder carcinoma [5,26,27,29,65]. 
Malignant psoas syndrome is observed in patients with 
advanced solid tumors of the genitourinary tract, prostate 
and colorectum, a refl ection of their patterns of spread.

Benign neoplasms, most commonly neurofi bromas and 
schwannomas, infrequently affect the LS plexus [11,65–67] 
and are often incidentally discovered when individuals with 
sensorimotor disturbances are referred for electrodiagnostic 
(EDX) testing, which localizes the lesion and directs imag-
ing. Compression from benign tumors (dermoid cyst, uter-
ine leiomyoma) may affect the LS plexus [65].

Pancoast Syndrome
Apical lung cancers comprise 3% of all lung cancers. 

Unlike most lung cancers, they are predominantly extrapul-
monary, slow growing, locally aggressive, infrequently met-
astatic and radiosensitive [68–70]. Most patients are elderly 
males with smoking histories that present with severe, 
unrelenting shoulder pain from pleural involvement. 
The pain usually extends into the axilla and medial arm 
(C8–T2), is worse at night and interferes with sleep. Medial 

scapular pain follows tumor extension into the superior 
mediastinum or posterior primary rami [71]. Lower plexus 
and stellate ganglion involvement produce C8–T1 sensory 
and motor loss and Horner’s syndrome. Other features 
include supraclavicular fullness, venous distension and arm 
edema. Bone destruction of the upper thoracic ribs and, 
less often, the adjacent vertebrae occurs [72,73]. Although 
bronchogenic carcinoma is the most common cause of this 
disorder, it may follow any thoracic inlet disorder, includ-
ing other tumors, infl ammatory processes and infections 
[39–41,73–77].

DIFFERENTIAL DIAGNOSIS
A palpable mass with pain or paresthesias in a plexus 

distribution is suggestive of a primary neoplastic plex-
opathy. Other considerations include benign cysts, nerve 
hamartomas and traumatic neuromas. Neoplastic cervi-
cal plexopathies may be mimicked by neoplastic meningi-
tis or epidural tumor spread involving cervical roots. When 
patients develop cervical plexus dysfunction following radi-
cal neck dissections, the relationship between symptoms 
and surgery helps differentiate an iatrogenic process from 
tumor recurrence. Cervical plexopathies may also follow 
radiation therapy [78].

The differential diagnosis of BP lesions among can-
cer patients is much more extensive. The two most com-
mon causes are metastatic plexopathy and post-radiation 
plexopathy (in those who received radiation). Other con-
siderations include neoplastic advancement (e.g. epidural 
extension, neoplastic meningitis), treatment-related (e.g. 
subclavian artery occlusion, effects of chemotherapy), 
iatrogenic trauma (e.g. secondary to surgical intervention or 
anesthetic administration), orthopedic conditions (e.g. rota-
tor cuff tear) and non-traumatic entities [4,24,64,79–81].

LS plexopathies must be differentiated from more prox-
imal and more distal lesions. When patients with known 
malignancies develop LS plexopathies, metastatic spread to 
the plexus or cauda equine and neoplastic meningitis are 
considerations. When severe unilateral, local or radicular 
pain is present, disc herniation is a possibility. If the patient 
has received pelvic irradiation, post-radiation plexopathy is 
a concern. Treatment with chemotherapy via internal iliac 
artery injection may affect the LS plexus through ischemic 
or neurotoxic mechanisms. Intragluteal injections of anal-
gesics can also damage the LS plexus, presumably due to 
vasospasm and thrombosis of the sacral plexus blood sup-
ply [29,82]. Patients with retroperitoneal hemorrhage (e.g. 
leukemia) may develop abnormalities in the distribution of 
the particular plexus fi bers affected. When the bleeding is 
limited to the iliacus muscle, an isolated femoral neuropa-
thy may develop. Extensive bleeding into the psoas muscle 
may involve lumbar plexus fi bers or, less commonly, both 
lumbar and sacral plexus fi bers [65,83,84]. Several features 
of diabetic amyotrophy and peripheral nerve vasculitis 



suggest malignancy (e.g. older age, progressive weight loss, 
persistent lower extremity pain). Normal imaging studies 
help exclude malignancy.

Post-radiation Plexopathy
Although peripheral nerve fi bers are relatively radio-

resistant [85], radiation therapy (XRT) may have toxic effects 
on nerve fi bers and vasa nervorum, with resultant demyeli-
nation, impaired circulation and fi brosis (post-radiation 
plexopathy) [50,86–90]. The interval between the last dose of 
XRT and the onset of symptoms may vary from a few weeks 
to more than 30 years, although symptoms usually occur 
within 12–20 months [38,64,91]. The initial clinical features 
refl ect demyelinating conduction block, with paresthesias, 
often in a lateral cord distribution. A presumed diagnosis 
of radiculopathy or carpal tunnel syndrome may result in 
unnecessary surgical procedures. Pain at onset is a major 
symptom in only a third of cases. Weakness and sensory 
loss follow, sometimes with limb edema. As the disorder 
progresses, the demyelinating conduction block converts 
to axon loss and the arm becomes atrophic, fl ail, insensate, 
edematous and painful [29,50]. Risk factors for this disorder 
include higher XRT doses, higher fraction sizes, the three-
fi eld technique and concomitant chemotherapy. Over the 
past few decades, risk factor modifi cation has signifi cantly 
reduced the incidence of this disorder [92–94]. Subclavian 
artery thrombosis with resultant plexus fi ber ischemia and 
permanent, painless weakness and sensory loss, infre-
quently follows XRT. A lower motor neuron syndrome can 
occur 3–5 years after XRT to the cauda equina [64,65].

Differentiating post-radiation plexopathy from neo-
plastic plexopathy can be challenging. Features predicting 
tumor recurrence include shoulder pain, rapid progres-
sion, lower plexus involvement and metastatic disease in 
other body regions. Findings suggesting post-radiation 
plexopathy include painless paresthesias at onset, lateral 
cord distribution, slow progression and certain EDX fea-
tures (i.e. demyelinating conduction block, fasciculations, 
grouped repetitive discharges and myokymic discharges) 
[4,38,91,95–97]. Bilateral, asymmetric, distal lower extrem-
ity weakness, often preceded by sensory disturbances, may 
follow radiation damage to the LS plexus, with EDX abnor-
malities similar to those described for the BP. Features of 
post-radiation plexopathy never exclude tumor recurrence, 
since the two may occur concomitantly. Surgical confi rma-
tion may be necessary, although a negative biopsy also does 
not exclude tumor recurrence [4].

EVALUATION
Accurate diagnosis of neoplastic plexopathies requires 

the coupling of historical and examination data with labo-
ratory fi ndings, imaging and EDX studies. Pertinent histori-
cal data include the growth rate of the lesion, the presence 
and progression of pain or neurologic defi cits, the presence 

of other masses, a personal or family history of NF or can-
cer, previous cancer treatments and the presence of consti-
tutional symptoms (e.g. fever; weight loss). On examination, 
the size and location of the lesion and the presence of ten-
derness, Tinel’s sign, neurologic defi cit, other tumors and 
NF1 stigmata are sought. Plain x-rays and computed tomog-
raphy (CT) scans may identify bony neoplastic destruction 
or radiation exposure and spinal column instability, while 
radionuclide bone scans identify extraplexal metastases. 
Magnetic resonance imaging (MRI) is the procedure of 
choice for defi ning the location and margins of the tumor, 
its relationship to adjacent structures and lymphadenopa-
thy [21,98,99]. On MRI, NSTs appear as fusiform or spheri-
cal enlargements; often, the capsule and the nerve from 
which it arises are visualized [98,100]. Multiple or plexiform 
lesions suggest NF1 [23]. When malignant cells track along 
the connective tissue of a plexus, visualization by MRI may 
be impossible. Radiographic studies do not distinguish neu-
rofi bromas from schwannomas or benign from malignant 
ones [101]. Heterogeneous signal and bone erosion are seen 
with benign NSTs and benign plexiform neurofi bromas may 
have irregular infi ltrative borders [102–104]. Positron emis-
sion tomography (PET) scanning may be useful for identi-
fying neoplastic changes within a plexus and differentiating 
benign and malignant plexiform neurofi bromas and mag-
netic resonance neurography to differentiate intraneural 
and perineural masses [5,105,106]. Angiography defi nes 
tumor vascularity and the relationship between the tumor 
and any neighboring vessels [21]. CSF examination is per-
formed when neoplastic meningitis is a consideration. 
EDX studies localize and quantify the plexopathy, identify 
subclinical lesions, identify features of post-radiation plex-
opathy, direct imaging studies and assess progression. EDX 
studies are often normal until persistent sensorimotor defi -
cits are present [23].

Accurate diagnosis requires histologic studies of 
tumor tissue or enlarged lymph nodes. Unfortunately, when 
benign plexus tumors are mistaken for non-neural lesions 
and improperly biopsied or excised, severe, permanent 
and unnecessary neurologic defi cits and pain may result 
[7,15,43]. Consequently, whenever a mass lesion is associ-
ated with neurologic dysfunction or Tinel’s sign, referral to 
an experienced neurosurgeon is indicated. When a malig-
nant NST is suspected, a metastatic evaluation, including 
chest fi lms, bone scan, chest and abdominal CT and MRI of 
the surrounding structures, is performed. Defi nitive diag-
nosis is made by biopsy [8]. When a malignant plexopathy is 
suspected and the MRI is normal, surgical exploration and 
studies to search for extraplexal lesions may be required. 
When the results are negative, re-exploration should be car-
ried out 3–6 months later [4].

Other aspects of the evaluation refl ect the plexus 
under consideration. When malignancy involves the cervi-
cal plexus, a thorough head and neck examination is man-
datory, preferably by an otolaryngologist. Plain fi lms and 
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CT scans of the neck identify bone erosion and neck insta-
bility and chest fi lms may identify benign NSTs of the lower 
trunk or hemi-diaphragmatic paralysis. With the latter, 
determination of whether the lesion refl ects phrenic nerve 
(more common) or cervical plexus involvement is needed 
[23,29,107]. When tumor infi ltration of the cervical plexus 
does not produce a recognizable mass, a repeat scan or sur-
gical exploration may be warranted [27]. With suspected 
neoplastic brachial plexopathies, the neck, supraclavicular 
fossa, shoulder region and axilla are palpated for masses. 
Horner’s syndrome is sought because it is associated with 
epidural spinal cord compression among patients with 
metastatic lesions [38]. Plain fi lms of the chest, cervical 
spine, clavicle, scapula, shoulder and humerus help identify 
lung lesions (e.g. superior sulcus masses) and bone abnor-
malities related to malignant erosion or radiation necrosis. 
Axial MRI images best assess the APR and trunk elements, 
while coronal images better assess the divisions and cords. 
A new MRI technique, magnetic resonance myelography, 
images proximal BP elements traversing the cerebrospinal 
fl uid [108,109]. Following 3D reconstruction, it produces 
T2-weighted myelogram-like images of the CSF. With sus-
pected neoplastic LS plexopathies, pelvic CT scanning can 
visualize nerve sheath tumors and is abnormal at presenta-
tion in up to 96% of patients with metastatic disease [26]. 
Apical lordotic chest fi lms identify apical lung cancers, 
typically with extension through the visceral pleura into 
the parietal pleura and chest wall. CT scanning and MRI of 
the neck, chest and upper abdomen help stage the tumor 
(extent, epidural spread) and dictate appropriate surgi-
cal intervention [76,101]. Percutaneous transthoracic nee-
dle biopsy has a diagnostic yield of 95% [101]. Bone, liver 
and brain imaging assess for metastatic lesions [76]. Open 
biopsy to delineate the tumor cell type usually is unneces-
sary prior to treatment [76]. With neoplastic LS plexopa-
thies, plain fi lms of the spine and pelvis may reveal bony 
erosion or loss of the psoas shadow suggesting a retroperi-
toneal mass. Lower abdominal and pelvic CT scanning can 
identify solid tumors, calcifi cations, bony erosion, spinal 
column instability, bleeding and radiation osteitis [29,50]. 
Modern scanners permit visualization of plexus elements 
when oral, intravenous and urographic contrast agents 
are administered. Although 96% of patients presenting 
with neoplastic LS plexopathies have abnormal CT scans, 
CT cannot categorize lesions and does not recognize non-
structural plexus lesions, such as vasculitis. CT-myelography 
may identify intraspinal neoplastic involvement of the 
cauda equina or epidural space [26].

MRI remains more sensitive for identifying plexus 
lesions [110]. Neoplastic invasion, NSTs and some meta-
static lesions require gadolinium for visualization. Magnetic 
resonance myelography can delineate structures proximal 
to the termination site of the nerve root sleeve, such as the-
cal margins, nerve roots and their sheaths, and the cauda 
equina and conus medullaris. Other useful radiographic 

modalities include isotope bone scans (bony metastases), 
ultrasonography (lower abdominal and pelvic masses) and 
intravenous pyelography and barium enemas (distortion of 
bladder, ureter, or bowel).

EDX testing is useful for LS plexus assessment. Because 
of the high innervation ratio of lower extremity muscles, EDX 
testing can identify even minimal motor axon loss. Also, it 
frequently identifi es abnormalities outside the region of the 
imaged mass, including contralaterally. Consequently, a nor-
mal EDX examination argues against a neoplastic plexopathy. 
Because of the limited number of reliable sensory nerve con-
duct studies (NCS) available to assess the LS plexus, normal 
sensory responses do not exclude a plexopathy and abnormal 
ones may refl ect multiple nerve involvement. EDX features of 
post-radiation plexopathy may also be noted [111,112].

Surgical biopsy typically is required when a mass lesion 
of unknown primary is identifi ed. Serological testing may 
be helpful, including serum sedimentation rate, testing for 
diabetes and specifi c antigen testing (e.g. PSA, CEA, CA-
125). When patients with known primaries develop widely 
metastatic disease and present with LS plexus involvement, 
diagnostic testing may not be pursued, especially when the 
primary was known to neighbor the LS plexus.

MANAGEMENT
The diversity of neoplastic plexopathies requires indi-

vidualized treatment plans that refl ect tumor charac-
teristics, sensitivity to radiation and chemotherapy, the 
degree of spread and the general health and wishes of the 
patient. Surgical resection is the treatment of choice for 
most non-metastatic plexus tumors, the goals of which 
include cure, restoration of function, symptom relief, pal-
liation and cosmetic improvement. Excision types include 
intralesional (excision leaves visible tumor), marginal (exci-
sion includes surrounding capsule or reactive zone), wide 
(excision includes a cuff of normal surrounding tissue) or 
radical (includes the entire anatomical compartment) [21]. 
Intralesional and marginal resections usually are indicated 
for benign tumors, whereas wide and radical resections are 
reserved for malignant lesions. Chemotherapy and XRT 
typically are adjunctive treatments.

With benign tumors, surgical indications include pain, 
neurologic dysfunction, suspicion of malignant trans-
formation (e.g. rapid growth) and disfi gurement [15,23]. 
Schwannomas are encapsulated and, when symptomatic, 
often can be excised without defi cit or recurrence. Since 
neurofi bromas arise within the fascicle, their surgical exci-
sion requires sacrifi ce of non-functioning parent and 
adjacent fascicles. Intraoperative EDX studies permit total 
tumor resection without added defi cit from sacrifi ce of 
functioning fascicles [15,23]. Postoperative neurologic def-
icits are more common among NF1 patients, occurring in 
one-third with solitary tumors [115]. The poor delineation, 
increased vascularity and infi ltrative nature of plexiform 



neurofi bromas increase the chance of postoperative neu-
rologic dysfunction to one-half and reduce the likelihood 
of complete resection [8,23,113,114]. When nerve function 
cannot be preserved, nerve grafting may be performed. 
Benign non-NSTs that grow extrinsic to their parent fasci-
cles and intraneural lipomas often can be excised without 
neurologic defi cit [115].

Malignant NSTs have a high risk of local and distant 
spread. Survivability requires surgical excision coupled 
with adjuvant high-dose XRT [116,117]. Although postop-
erative XRT provides local control and delays recurrence, 
especially when resection is incomplete, better long-term 
survival has not been proven with this regimen and there is 
a risk of generating malignant NSTs among unaffected fi b-
ers [113,118]. The roles of brachytherapy and intraoperative 
electron beam irradiation are unresolved [113]. The role of 
chemotherapy is unclear. A meta-analysis showed no differ-
ence in survival despite improved progression-free survival 
and reduced 10-year relapse rates with chemotherapy [119]. 
Although chemotherapy has no role in the initial treatment 
of patients without metastatic disease when gross total 
tumor resection is accomplished, it may be considered 
when complete resection is impossible, when extremity 
amputation is to be avoided, with widely metastatic dis-
ease, as an alternative to radiotherapy or with treatment 
failures [22,113,117]. The surgical goal is complete resec-
tion with wide tumor margins [116]. Extremity amputation 
well above the lesion may be required [8,15], although even 
this may not prevent metastases or improve survival [9]. In 
selected patients, limb-sparing procedures, which include 
wide local resection, radiation and chemotherapy, have 
been performed with good to excellent survival rates [8]. 
Neural sacrifi ce usually is unavoidable. Unfortunately, the 
large area resected and the adverse effects of postoperative 
XRT on graft tissue preclude nerve grafting [22].

Metastatic plexopathies occur late in the course of 
the malignancy, are relatively resistant to chemotherapy 
and radiotherapy and typically are incurable. Treatment is 
palliative and responses modest and short-lived [5,8,27]. 
With metastatic breast carcinoma, however, the malig-
nancy often does not invade beyond the epineurial level; 
thus, external neurolysis and tumor removal is an option. 
Likewise, with melanoma and lymphoma, tumor removal 
from epineurial attachments, followed by local radiation, 
may be benefi cial [8].

The pain associated with neoplastic plexopathies usu-
ally is severe in degree, unrelenting in nature and diffi cult 
to control. Opioid therapy, the mainstay, is associated with 
multiple side effects and may be ineffi cacious. Dose-limiting 
side effects may respond to continuous delivery (transder-
mal, subcutaneous). Non-opioid analgesic (e.g. antiepileptic 
drugs [AEDs], tricyclic antidepressants [TCAs], dexametha-
sone) are also helpful. When these agents are started early 
at dosages adequate to achieve pain control, pain severity 
and adverse effects may be signifi cantly diminished. Other 

approaches include transcutaneous electric nerve stimu-
lation (TENS), local anesthesia (e.g. paravertebral nerve 
blocks) and implantable intrathecal pumps. Surgical pro-
cedures (e.g. DREZ procedure; contralateral percutane-
ous cordotomies at C1–C2; selective rhizotomies) may be 
required for severe intractable pain. Destructive procedures 
(e.g. limb amputations) are ineffective [4,27,29,38].

Occupational therapy consultation for assistive devices 
to maximize remaining neurologic function and measures 
to prevent neuromuscular complications (e.g. painful con-
tractures, deep venous thromboses, ulcerations, compres-
sion neuropathies) should also be employed to optimize 
quality of life. Compressive devices and extremity elevation 
may benefi t lymphedema.

The current treatment of Pancoast syndrome is surgical 
resection, with many patients, even some with extensive BP 
or spinal column involvement, achieving curative resec-
tions [110,120]. Surgical contraindications include extensive 
invasion, mediastinal lymphadenopathy and peripheral 
metastases, although palliative surgery may be employed 
for epidural compression, mechanical instability, or pain 
unresponsive to radiation [76,120]. Induction chemo
radiotherapy increases the chance of performing a com-
plete resection [121]. Most studies have failed to demon-
strate a survival advantage using either postoperative XRT 
or intraoperative brachytherapy [121]. The pain associated 
with Pancoast syndrome can be unbearable and the relief 
following induction chemoradiotherapy typically is short-
lived. Combinations of opioid and non-opioid analgesics, 
steroids, tricyclics, antiepileptics, ketamine and TENS may 
be ineffective. Continuous administration of local anesthet-
ics into the BP region was successful in six patients [122]. 
Adequate pain relief may follow percutaneous cervical cor-
dotomy, but the success rate of other invasive techniques 
(e.g. scalenotomy, spinothalamic tractotomy, myelotomy, 
cingulotomy, dorsal column stimulators and subarachnoid 
phenol or alcohol) is unclear [122].

There is no effective treatment for post-radiation plexop-
athy and care is symptomatic [5,11,29,64]. Physical therapy 
can prevent atrophy, capsulitis, contractures and lymph-
edema, and orthotics help maintain function. Medications, 
TENS and dorsal column stimulators may reduce pain [38]. 
External neurolysis can break up perineural adhesions and 
scar tissue. Although this may lessen pain, progression usu-
ally continues [5,15]. Because of its ability to maintain blood 
fl ow in vessels with radiation-induced endothelial damage, 
anticoagulation has been suggested as a potential treatment 
for post-radiation plexopathy, but currently is of unproven 
value [123,124].

PROGNOSIS AND FUTURE PERSPECTIVES
The prognosis for neurologic recovery primarily 

refl ects the underlying malignancy. The prognosis is excel-
lent for most benign NSTs and non-NSTs. Following tumor 

P R O G N O S I S  A N D  F U T U R E  P E R S P E C T I V E S  •  97



98 C H A P T E R  1 4  •  N E O P L A S T I C  P L E X O PAT H I E S

resection, worsening of pain or motor dysfunction is infre-
quent and the recurrence rate is under 5% [23,62,113,125], 
although desmoid tumors tend to recur despite thorough 
excision [15]. The total removal of plexiform tumors causes 
loss of function and subtotal removal permits progression 
of tumor growth. Thus, these tumors are associated with 
functional loss of the involved nerve [23]. Malignant NSTs 
have a high recurrence rate; about one-fourth of non-NF1 
patients experience local recurrence within 2 years with an 
even higher rate among NF1 patients [13,124]. The 5-year 
survival rate for non-NF-1 patients is about two-thirds and 
for NF1 patients about 25% [9,21,32,113]. Poor prognostic 
factors include tumor size �5 cm, high histological grade, 
positive surgical margins and the presence of NF1. Patients 
with involvement of proximal PNS structures do worse 
because of incomplete resection and spread into the CNS [13].

The prognosis for patients with metastatic plexopa-
thies is poor. Typically, the lesion expands, pain is diffi -
cult to control and widespread metastatic disease ensues 
[26,27,29]. Most patients die from neoplastic involvement 
of vital organs within two years with pain and motor dys-
function adversely affecting quality of life [26,27]. Patients 
with lymphoma, breast cancer and certain head and neck 
malignancies may achieve better pain control and func-
tional improvement.

With Pancoast syndrome, the degree of local invasion 
at presentation determines the resectability of the tumor 
and survival [120]. Favorable features include absence of 

metastatic disease, lack of lymph node involvement and 
resolution of pain following preoperative XRT [69,70,126]. 
Conversely, extensive invasion of the BP, spine invasion and 
cord compression portend a poor prognosis [126]. Tumor 
cell type does not seem to infl uence survival [70]. Future 
studies, to determine the best combination of chemother-
apy and biological agents and whether prophylactic cranial 
irradiation would lessen the occurrence of brain metastases 
following treatment, are needed [121].

The prognosis for patients with post-radiation plex-
opathy is poor because the disorder is inexorably progres-
sive, spreading through plexus and converting from chronic 
demyelination to severe axon loss [27,47,50,64,84]. Many 
patients with arm involvement develop a useless, swollen, 
painful limb [64,91]. Even when the lesion is incomplete, 
sensory ataxia often severely limits useful function [29]. 
Radiologic innovations continue to improve the ability to 
diagnose plexus tumors and surgical advancements con-
tinuously improve functional outcome and reduce surgical 
morbidity. Advances in genetics and oncology should pro-
vide new therapeutic options that will extend and improve 
the quality of life of those affected. An excellent example of 
these advances relates to NF1, where tumorigenesis may 
refl ect loss of neurofi bromin function and resultant over-
activity of the p21 ras signaling pathway [113]. Ongoing 
clinical trials include anti-ras drugs and, for plexiform neu-
rofi bromas, interferon-alpha2b (an anti-angiogenic agent 
thought to impede or prevent tumor growth) [116,127].
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Neurologic complications of radiation therapy to the brain
Direct effects of radiation therapy
  Acute reactions (hours or days)
    Cerebral edema: headaches, nausea, vomiting, lethargy
  Early delayed reactions (2 weeks to 4 months)
     Drowsiness, increased cognitive dysfunction, exacerbation of 

neurologic defi cits
  Late delayed reactions (4 months to several years)
    Mild to moderate cognitive decline
    Dementia
    Cerebral necrosis
    Leukoencephalopathy
  Normal pressure hydrocephalus
Indirect effects of radiation therapy
  Cerebrovascular disorders
     Large and small vessel disease, moyamoya, telangiectasias, 

cavernomas, angiomatous malformations, aneurysms
  Radiation-induced neoplasms
    Meningiomas, sarcomas, gliomas, schwannomas
  Endocrine dysfunction
     Hypothyroidism, hypogonadism, growth hormone defi ciency, 

hypoadrenalism

Neurologic complications of radiation therapy to the spinal cord
  Early delayed radiation myelopathy
  Late delayed radiation myelopathy
    Delayed radiation myelopathy (DRM)
    Radiogenic lower motor neuron disease
    Spinal vasculopathy and hemorrhage

Neurologic complications of radiation therapy to the brachial 
plexus
  Early delayed brachial plexopathy
  Late delayed brachial plexopathy

Neurologic complications of radiation therapy to peripheral nerves
  Cranial neuropathies
  Peripheral neuropathy
  Nerve sheath tumor

COMPLICATIONS OF RADIOTHERAPY
Radiation therapy is one of the most important causes 

of neurotoxicity in patients with cancer. It may affect the 
nervous system by:

1 direct injury to neural structures included in the radia-
tion portal or

2 indirectly by damaging blood vessels or endocrine 
organs necessary for functioning of the nervous system 
or by producing tumors.

Radiation injury may occur acutely, but more com-
monly occurs after a delay of months or years. Many fac-
tors determine whether radiation injury will occur. These 
include the radiation dose, fraction size, duration of treat-
ment, the volume treated, the length of survival following 
radiation therapy and the presence of other therapies and 
systemic diseases.

The complications of radiotherapy are classically catego-
rized in terms of acute, early-delayed and late-delayed forms 
(Table 15.1) [1]. Radiation toxicity occurs in all parts of the 
nervous system: brain, spinal cord and peripheral nerve.

Brain
Acute (0–14 days)
Acute Encephalopathy

Following cranial radiotherapy, acute encephalopathy 
may occur. Symptoms include nausea/vomiting, drowsi-
ness, headache, and/or possibly worsening of pre-existing 
neurological defi cits. This syndrome may be associated 
with fever. The risk of acute encephalopathy increases 
with radiation fraction size exceeding 2 Gy. The etiology 
appears to be disruption of the blood–brain barrier, with 
resultant vasogenic edema and subsequently increased 
intracranial pressure (ICP) [2]. A transient increase in white 
matter edema may be seen on neuroimaging. The prognosis
is generally excellent, however, herniation and death are 
possible if the ICP is already increased, especially in the 
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case with posterior fossa or intraventicular tumors. Acute 
radiation-induced encephalopathy usually responds to 
corticosteroid therapy. Patients with large tumors and mass 
effect should receive corticosteroids prior to beginning 
radiotherapy to prevent acute encephalopathy.

Fatigue

A high percentage of patients undergoing cranial irra-
diation experience severe and progressive fatigue. This 
occurs partway through the course of radiotherapy, typically 
between weeks 3 and 6 of radiotherapy for primary brain 
tumors and near the end of radiotherapy, to 1–2 weeks after 
the completion of radiotherapy for metastatic disease [3]. In 
one study of 104 patients with metastatic disease to brain, 
the incidence of excessive fatigue was reported to be 85% 
in patients who underwent whole brain radiotherapy plus 
radiosurgery, as compared to 28% in patients undergoing 
radiosurgery alone [4]. Methylphenidate and modafi nil may 
reduce the severity of fatigue [5].

Early Delayed (4 weeks–months)
Several neurological syndromes occur between 4 weeks 

to several months after radiation therapy. The precise etiol-
ogy is unclear but may be related to transient demyelina-
tion and remyelination. These syndromes usually resolve 
spontaneously [2].

Somnolence Syndrome

The somnolence syndrome consists of drowsiness, 
lethargy, excessive sleep, headache, nausea and anorexia. It 
occurs several weeks after cranial irradiation and the course 
is usually monophasic, resolving within a few weeks [6,7]. 
The reported incidence varies greatly, depending on fac-
tors such as radiation dose, fractionation, tumor type and 
diagnostic criteria. EEG fi ndings reveal diffuse slowing dur-
ing the symptomatic period, with normalization of the EEG 
after symptoms resolve [6]. The somnolence syndrome 
was suggested to be a predictor of long-term cognitive out-
come in one series, but this fi nding was not reproduced in 
subsequent studies [8–10]. Informing patients of the prob-
ability of somnolence for a period after radiotherapy greatly 
reduces anxiety.

Worsening of Pre-existing Defi cits

A worsening of pre-existing focal defi cits can occur 
after radiotherapy. This usually occurs about 2 months 
following treatment. Peritumoral edema and contrast 
enhancement is sometimes, but not always, seen on neu-
roimaging. Clinical and radiological improvement is usu-
ally seen within 4–8 weeks [11].

Transient Cognitive Impairment

A transient decline in cognition, distinct from the late 
onset progressive cognitive decline described below, may 

occur. This type of cognitive dysfunction, predominantly 
verbal memory dysfunction, carries a good prognosis and 
does not appear to predict development of the late-delayed 
cognitive syndrome [12,13].

Subacute Rhombencephalitis

A subacute rhombencephalitis may occur 1–3 months 
after treatment when radiation portals involve the brain-
stem, such as with ocular, pituitary or head and neck tumors. 
This syndrome is distinct from the brainstem radionecrosis 
that can occur later. Clinically, patients present with diplopia, 
nystagmus, ataxia, dysarthria and other brainstem symptoms 
and signs. CSF evaluation may show signs of infl ammation. 
Neuroimaging reveals brainstem white matter abnormalities, 
with lesions that are T1 hypointense and T2 hyperintense; 
the lesions may enhance with gadolinium [14]. Prognosis is 
generally good, with progressive improvement over weeks to 
months, but death has been reported [15].

Late Delayed (months to years)
Radionecrosis

Radiation necrosis has been reported in the treatment of 
both intracranial and extracranial tumors, such as nasopha-
ryngeal carcinoma (Figure 15.1). Radiation necrosis typically 
occurs 1–2 years after radiation, but latency as short as 3 
months and as long as 30 years have been reported [16,17]. 
Radiographically, it can be diffi cult to distinguish from 
recurrent tumor.

Recognition of the risk factors for radiation necro-
sis has resulted in a decrease in incidence. Radiation total 
dose and fraction size are important risk factors and a total 
external beam dose of 55–60 Gy delivered in 1.8–2.0 Gy frac-
tions constitutes the upper limits of ‘safe’ dose. Other risk 
factors include lesion volume and location, old age, associ-
ated chemotherapy and vascular risk factors such as diabe-
tes. Therapies that attempt to increase the dose of radiation 
delivered to the tumor volume, such as interstitial brachy-
therapy and stereotactic radiosurgery, also result in an 
increased incidence of radiation necrosis [18].

Radiation necrosis can result in devastating clinical 
consequences. Patients present with focal neurological 
symptoms, often recapitulating the presenting symptoms 
of the patient’s initial disease in the case of primary brain 
tumors, severe cognitive defi cits, signs and symptoms of 
increased intracranial pressure and/or seizures. About 
one half of patients present with seizure as the fi rst sign. 
Imaging characteristics of radiation necrosis are very simi-
lar to recurrent tumor. CT reveals hypodensity and vari-
able contrast enhancement. MRI shows T1 hypointensity 
and T2 hyperintensity, predominantly involving white 
matter. Lesions frequently enhance with gadolinium [19]. 
Mass effect may be present. Positron emission tomography 
(PET) or single photon emission computerized tomography 
(SPECT) imaging and MR spectroscopy may be employed 
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to differentiate radiation necrosis from malignancy [20]. 
In one series, a (201)T1-SPECT technique yielded diagnos-
tic sensitivity of 0.88 and a specifi city of 0.83, compared to 
routine neuroanatomincal imaging (CT and MRI), which 
was found to have a sensitivity of 0.63 and a specifi city of 
0.59 [20]. However, biopsy remains the only defi nitive 
means of diagnosis.

Histopathologically, the lesions of radiation necro-
sis predominantly affect white matter. Vascular changes 
include vessel wall hyalinization, thickening and fi brinoid 
necrosis, fi brinous exudates, vascular hemorrhage and 
thrombosis. These changes affect the small arteries and 
arterioles. Demyelination is also evident.

The etiology of radiation necrosis is not yet clear. 
Histopathology reveals vascular damage and demyelina-
tion, implicating the vascular cells and/or oligodendro-
cytes as the targets of radiation injury. Classically, radiation 
injury has been attributed to either the vascular hypothesis 
or the glial hypothesis. The vascular hypothesis states that 
radiation-induced vasculopathy and the resultant ischemic 
necrosis account for radiation injury. The glial hypothesis 
proposes that radiation-induced damage to oligodendro-
cytes and their precursors is the underlying cause of radia-
tion injury. However, the lesions of radiation necrosis are 
not typical of either pure vascular or demyelinating disease, 
and neither hypothesis seems suffi cient alone to account 
for radiation necrosis [21].

Treatment of radiation necrosis involves surgical exci-
sion and steroid therapy. Additional therapies have been 
proposed, including anticoagulants, hyperbaric oxygen 
and alpha-tocopherol, but their clinical utility has yet to be 
proven [22–24].

Leukoencephalopathy

Diffuse white matter changes may occur as a late-
delayed effect of radiation alone, a combination of 
radiotherapy and chemotherapy or, more rarely, after chemo-
therapy alone. Clearly, radiation and chemotherapy have 

a synergistic effect. In addition to concomitant chemother-
apy such as methotrexate, risk factors for radiation-induced 
leukoencephalopathy include higher radiation dose and age 
greater than 60 years [2,25]. This diffuse white matter injury 
is an entity distinct from radiation necrosis. As patients are 
surviving longer after cancer therapies, radiation-induced 
leukoencephalopathy is an increasingly important com-
plication of treatment. Histopathology reveals rarefi cation 
of white matter, reactive astrogliosis and foci of necrosis  
[26,27]. In the most severe form, disseminated necrotiz-
ing leukoencephalopathy, necrotic foci become confl uent
and a prominent axonopathy is noted ultrastructurally [28].
Neuroimaging reveals hypodensity on CT scans and 
increased T2/FLAIR signal in the white matter. Diffuse atro-
phy is often seen. MR spectroscopy reveals loss of N-acetyl 
aspartate (NAA), choline and creatine, implying axonal 
and membrane damage in the abnormal-appearing white 
matter [29].

Dementia

Associated with diffuse leukencephalopathy, with or 
without radionecrosis, is a devastating dementia syndrome 
(Figure 15.2) [30]. The dementia is typically a subcorti-
cal dementia characterized by defi cits in memory, atten-
tion and intellectual function. Gait disturbance, urinary 
incontinence and personality changes may occur. Cortical 
functions such apraxis and language are relatively spared. 
Typical onset is within two years of radiation exposure and 
the course is usually progressive. A large meta-analysis of 
the literature found an incidence of post-radiation dementia 
to be 12% [31]. Risk factors are the same as for leukencepha-
lopathy, including radiation dose, fractions size, volume of 
brain irradiated, older age and concomitant chemotherapy. 
Methylphenidate and anticholinesterases such as donepe-
zil are sometimes used for symptomatic relief [32,33]. 
As the survival of brain tumor patients improves, an increas-
ing number develop impairment of normal cerebrospinal 
fl uid reabsorption through the arachnoid granulations. 
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FIG. 15.1. A 49-year-old man with T4 
squamous cell carcinoma of the parana-
sal sinuses treated with radiotherapy 6 
years previously presenting with confu-
sion and memory loss. (A) T1-weighted 
axial MRI with gadolinium showing 
enhancing necrotic areas in both tempo-
ral lobes (white arrows); (B) axial FLAIR 
MRI showing edema around necrotic 
areas. FDGPET scan showed no uptake, 
suggesting that the areas of enhance-
ment were necrosis.



This leads to a communicating hydrocephalus with cogni-
tive impairment, gait unsteadiness and urinary symptoms. 
Some of these patients may benefi t from placement of a 
ventriculo-peritoneal shunt [34].

Mild to Moderate Cognitive Impairment

Cognitive dysfunction, characterized by prominent 
dysfunction of short-term memory, is perhaps the most 
common sequela of radiotherapy. Cranial radiotherapy 
causes a debilitating cognitive decline in both children and 
adults [31,35–41]. Months to years after cranial radiation 
exposure, patients exhibit progressive defi cits in short-term 
memory, spatial relations, visual motor processing, quanti-
tative skills and attention [42]. Hippocampal dysfunction is 
a prominent feature of these neuropsychological sequelae. 
In fact, the severity of the cognitive deterioration appears to 
depend upon the radiation dosage delivered to the medial 
temporal lobes [43].

The incidence of treatment–induced impairment in 
cognition has been very well described in children. It is esti-
mated that, when irradiated at age less than 7 years, nearly 
100% of children require special education; after 7 years 
of age approximately 50% of children require special edu-
cation. Some degree of memory dysfunction is thought to 
occur in the majority of children. The incidence of memory 
dysfunction in adult patients has been diffi cult to quantify, 
largely due to a lack of uniformity in neuropsychometric 
testing in the literature. However, as adults are surviving 
longer after treatment and the long-term consequences of 
radiation are becoming more important for this population, 
an extremely high rate of cognitive dysfunction of varying 
degrees has been recognized.

Mild to moderate cognitive dysfunction is inconsistently 
associated with radiological fi ndings and frequently occurs 
in patients with normal-appearing neuroimaging [44].
Clinically signifi cant memory defi cit in the absence of 
radiological fi ndings implicates damage to a subtle process 
with robust physiological consequences.

One such process is hippocampal neurogenesis. Studies 
in animal models have demonstrated that therapeutic 
doses of cranial irradiation virtually ablate neurogenesis 
and that this inhibition of neurogenesis correlates with 
impaired performance on hippocampal-dependent mem-
ory tests [21,45–48]. Surprisingly, irradiation does not sim-
ply deplete the stem cell population, but rather disrupts the 
microenvironment that normally supports hippocampal 
neurogenesis [46]. This microenvironmental perturbation 
is due largely to irradiation-induced microglial infl amma-
tion, and anti-infl ammatory therapy with the non-steroidal 
anti-infl ammatory agent indomethacin partially restores 
hippocampal neurogenesis and function [47]. Human tri-
als are currently underway to evaluate the clinical utility of 
anti-infl ammatory therapy during cranial radiotherapy.

Additional possible mechanisms underlying mild to 
moderate cognitive dysfunction include subtle white mat-
ter dysfunction and altered regional blood fl ow due to 
microvascular disease.

Radiotherapy-induced Tumors

Criteria for defi nition as a radiation-induced tumor 
include a long latency (years to decades) to occurrence 
of the second tumor and location of the tumor within the 
radiation portal. Although uncommon, secondary tumors 
do occur following cranial irradiation, particularly meningi-
omas, gliomas (Figure 15.3) and sarcomas. The relative pro-
portion of secondary cranial tumors is roughly 70%, 20% 
and 10%, respectively. In an Israeli study of 10 834 patients 
exposed in childhood to an average dose of only 1.5 Gy for 
Tinea capitis, the relative risk of developing a neural tumor 
was found to be 6.9. In patients receiving 2.5 Gy, the rela-
tive risk was 20 [49]. After cranial irradiation for childhood 
leukemia, one series found a relative risk for secondary 
tumor of 22 [50].

More than 300 cases of radiation-induced meningi-
omas have been reported [51]. Authors frequently differen-
tiate between low-dose (�10 Gy) irradiation and high-dose 
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FIG. 15.2. A 70-year-old woman with 
CNS lymphoma treated with methotrexate 
and radiation therapy. Axial FLAIR MRI 
of the brain showing increased periven-
tricular leucoencephalopathy.
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(�20 Gy) irradiation-induced meningiomas. The latency 
from time of treatment to meningioma development ranges 
from one to three decades [52,53]. There is an increased 
incidence of cellular atypia and aggressive subtypes fol-
lowing irradiation [53,54]. A cytogenetic study of radiation-
induced meningiomas revealed consistent abnormalities 
involving chromosome 1p [55].

More than 100 case of secondary gliomas have been 
reported (see Figure 15.3); of these, approximately 40% 
are glioblastoma [2]. Gliomas arise after a mean latency of 
9.6 years [56]. To date, four cases of gliomas at sites of pre-
vious radiosurgery have been also been reported [56,57]. 
Prognosis is often poor in secondary gliomas relative to 
spontaneous forms, due either to a more aggressive behav-
ior or because treatment options are limited by previous 
exposures.

Rarely, sarcomas involving the skull base, calvaria or 
dura may occur. Osteosarcoma, fi brosarcoma and chond-
rosarcoma have been reported.

Vasculopathy

Large Vessel Atherosclerosis  Radiation of head and neck 
cancers or lymphoma can cause accelerated atherosclerosis 
of the carotid arteries [58]. Intracranial accelerated 
atherosclerosis also occurs [59]. Treatment involves aggressive 
control of vascular risk factors such as hyperlipidemia and 
hypertension. Carotid endarterectomy may be pursued when 
indicated, but may be more complicated due to vascular 
fi brosis and post-radiation skin changes that may impair 
healing and increase risk of infection.

Moyamoya Pattern  Progressive cerebral arterial occlusive 
disease, also known as moyamoya disease, is a stenosis 
or occlusion of large and intermediate cerebral arteries, 
abnormal netlike vessels and transdural anastomoses. 
Consequences include transient ischemic attacks (TIA), 
stroke and seizure. Cranial irradiation is a rare cause of 

secondary moyamoya disease, particularly radiation 
for tumors of the optic chiasm, suprasellar region and 
brainstem during childhood [60,61].

Vascular Malformations  Radiation-induced vascular 
malformations occur more frequently in children than 
in adults and carry a signifi cant risk of hemorrhage. In 
one series, 20% of children who had undergone cranial 
irradiation exhibited radiological evidence of at least one 
new telangiectasia, defi ned as small low-signal intensity 
foci on T2 MR images [62]. In another series, 5 out of 
20 patients with post-irradiation telangiectasias developed 
hematoma formation at the site of previously identifi ed 
T2 shortening [63]. Post-mortem histopathology reveals 
thin-walled vessels surrounded by hemosiderin and 
gliosis [63]. Radiation-induced retinal telangeiectasias and 
microaneurysms have also been reported [64]. Cavernous 
angiomas also develop after cranial irradiation, particularly 
when radiation exposure occurs during childhood. The 
reported latency between irradiation and diagnosis ranges 
from 3 to 41 years [65,66]. Radiation-induced cavernomas 
may appear as contrast-enhancing masses and may mimic 
tumor radiographically [67]. These lesions are of great 
concern given their hemorrhagic potential.

Small Vessel Disease  Radiation injury to the micro-
vasculature has been extensively described. A mineralizing 
microangiopathy occurs more frequently in children than 
in adults, resulting in calcifi cations in the basal ganglia, 
subcortical white matter or dentate nuclei [68]. The etiology is 
radiation-induced intimal injury to small vessels, subsequent 
tissue ischemia and dystrophic calcifi cation. Lacunar 
infarctions have also been reported to be a consequence 
of cranial irradiation. In one series of 421 children treated 
with cranial radiotherapy, 25 (6%) developed asymptomatic 
lacunes at a median latency of 2 years. The burden of lacunar 
disease increased with time from irradiation. The most 

[R] [R]

[P] [F]

[H]BA

20CC

[L]

[A]

MRN:

C259 
W628

[L]

MRN:

C225
W553GAD 20CC GAD

FIG. 15.3. A 25-year-old with a his-
tory of right parietal cerebral neuro-
blastoma at age 3 treated with surgical 
resection and radiotherapy who pre-
sented with a 2-month history of ataxia, 
headaches and drowsiness. (A) Axial 
and (B) coronal T1-weighted MRI with 
gadolinium shows enhancing brainstem 
lesion. The right parietal surgical cavity 
from his prior surgery for neuroblastoma 
is visible (longer arrow). Biopsy showed 
anaplastic astrocytoma, presumably 
induced by prior radiotherapy.



signifi cant risk factor for development of lacunar disease in 
this series was age less than 5 at the time of irradiation [69].

Neuroendocrine Dysfunction  The hypothalamic–pituitary 
axis is exquisitely sensitive to irradiation [70]. Endocrine 
disorders can be the consequence of direct irradiation 
of an endocrine gland (e.g. 50% of patients developing 
hypothyroidism within 20 years following radiotherapy for 
Hodgkin’s disease as a result of irradiation of the thyroid 
gland) or as a result of hypothalamic–pituitary dysfunc-
tion secondary to cranial irradiation [70–72]. In children, 
the most common endocrinopathy is growth hormone 
defi ciency. Gonadotrophin defi ciency and secondary and 
tertiary hypothyroidism occur less frequently. In adults, 
although growth hormone defi ciency is common, it is rarely 
symptomatic. Approximately 67% of adult males experience 
sexual diffi culties, usually decreased libido and impotence, 
within two years of radiotherapy. These problems are thought 
to result from gonadotrophin defi ciency from hypothalamic 
damage. Hypothyroidism and hypoadrenalism occur 
less commonly and may require hormonal replacement. 
Hyperprolactinemia may also occur [73,74].

Spinal Cord
The spinal cord may be affected by radiotherapy for 

primary spinal tumors, epidural metastases, tumors of 
the head and neck or tumors near the spinal cord, such as 
Hodgkin’s lymphoma.

Acute
Acute complications of the spinal cord are exceed-

ingly rare and acute neurological worsening should lead to 
an evaluation for intratumoral hemorrhage or tumor 
progression [2].

Early-delayed Radiation Myelopathy
This complication occurs 6 weeks to 6 months after 

radiotherapy and generally presents as Lhermitte’s sign, 
an unpleasant sensation of tingling, numbness and/or 
electrical-like feeling that travels down the spine and to 
the extremities following neck fl exion. Symptoms typi-
cally resolve completely within 2–9 months after symptom 
onset [75,76]. There are no radiological fi ndings. The etiol-
ogy is thought to be a transient demyelination due to radia-
tion-induced oligodendrocyte apoptosis; rebound of the 
oligodendrocyte precursor population several weeks after 
radiation exposure likely accounts for recovery [77,78].

Late-delayed Radiation Myelopathy
Late-delayed myelopathy takes two main forms – 

a progressive radiation myelopoathy and a rare radiogenic 
lower motor neuron disease. In comparison to the early-
delayed myelopathy, the late forms of myelopathy carry 
a poor prognosis.

Delayed Radiation Myelopathy (DRM)

This complication occurs 6 months to 10 years after 
radiation exposure. Risk factors include higher doses, larger 
fraction sizes, previous radiation exposure (therapeutic or 
incidental), old age, concurrent radiosensitizing chemother-
apies and radiation sites in the lower thoracic and lumbar 
spine [75]. Clinical presentation may be acute or insidious 
in onset, progressing to paraparesis or quadriparesis with 
variable sensory disturbances, bowel and bladder dysfunc-
tion or diaphragmatic weakness in the case of high cervical 
lesions. Patients may present with a Brown-Sequard hemi-
cord syndrome or a transverse myelitis. Pathology reveals 
fi ndings similar to cerebral radionecrosis, with areas of 
focal necrosis, hyalinization and fi brinoid necrosis of the 
vasculature, demyelination and telangeictasias with focal 
hemorrhage. As in cerebral radiation injury, the etiology is 
thought to be either radiation-induced vascular and/or glial 
injury, but the pathogenesis is incompletely understood. 
MRI often shows cord edema and enhancement early in the 
course and atrophy late in the course, but imaging may also 
be normal at very early or intermediate stages [79]. Cyst for-
mation has been reported [80]. Prognosis is poor. There is 
no effective treatment, although hyperbaric oxygen, anti-
coagulation and steroid therapies have been suggested 
[22,81,82]. To minimize risk of this terrible complication, 
radiation to the spinal cord is generally limited to 4500 cGy 
in 22–25 fractions.

Radiogenic Lower Motor Neuron Disease

A lower motor neuron syndrome is a rare complica-
tion of radiotherapy to the spinal cord or paraspinal tumors 
[83,84]. This complication predominately affects the lower 
extremities; in one series of 47 patients, only one had upper 
extremity weakness [85]. Patients tend to be adolescent 
to young adults and there is a male predominance [85]. 
Reported latency from irradiation to presentation ranges 
from 4 to 312 months [85]. There is no apparent dose 
dependence and authors have suggested that the etiology 
of radiogenic lower motor neuron disease may be mul-
tifactorial [85]. Based on electrophysiologic data and the 
absence of sensory fi ndings, the anterior horn cell has been 
implicated as the target cell, however, damage to motor 
nerve roots is also a possibility [86].

Vascular Changes

Rarely, spinal cord hemorrhage may occur. This is likely 
to be related to formation of spinal telangiectesias or cav-
ernous malformations [87].

Plexuses and Peripheral Nerve
Plexopathies

Irradiation of supraclavicular, infraclavicular or axillary 
lymph nodes can cause a brachial plexopathy, while irra-
diation of the pelvic and retroperitoneal lymph nodes can 
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rarely result in a lumbosacral plexopathy. An early-delayed 
variant of brachial plexopathy presents several months 
after irradiation, occurring in 1–2% of patients irradiated 
for breast cancer [88]. Early-delayed brachial plexopathy 
is generally reversible. Late-delayed brachial plexopathy 
occurs years after irradiation, with a progressive course. 
Pathology of late-delayed plexopathy reveals perineural 
fi brosis and endoneural thickening, demyelination, axon 
loss and small vessel changes. It is sometimes diffi cult to 
distinguish a radiation-induced plexopathy from recurrent 
tumor. The presence of myokymia on electromyography is 
suggestive of radiation plexopathy. Neuroimaging studies 
such as MRI or PET may be helpful in differentiating tumor 
infi ltration from radiation plexopathy.

Peripheral Nerve
Peripheral Neuropathy

The peripheral nerves are relatively radioresistant and 
radiation-induced injury is rare.

Nerve Sheath Tumors

Rarely, nerve sheath tumors can develop [89].

Cranial Neuropathies

The optic nerve (strictly speaking, part of the central 
nervous system) is the most frequently affected cranial 
nerve. Other cranial nerves affected by radiotherapy include 
the olfactory nerve (also part of the central nervous system), 
hypoglossal nerve and the spinal accessory nerve. Multiple 
cranial neuropathies are also possible. Involvement of the 
occulomotor, trochlear and abducens nerves are rare.

COMPLICATIONS OF CHEMOTHERAPY

Chemotherapy-induced Cognitive Impairment
Chemotherapy-induced cognitive impairment, known 

among cancer patients and oncologists as ‘chemofog’ or 
‘chemobrain’, and characterized by defi cits in memory 
function and concentration is an increasingly recognized 
complication [90–94]. A recent meta-analysis estimates that 
mild cognitive impairment occurs in 10–40% of breast can-
cer survivors [94]. In contrast to the cognitive dysfunction 
that follows cranial irradiation, chemotherapy-induced def-
icits in memory and concentration appear to be transient, 
but may resolve slowly over a number of years [94].

Additional complications of chemotherapy include 
acute encephalopathy, seizure, headaches, aseptic menin-
gitis, acute cerebellar syndrome, vasculopathy and stroke, 
neuropathy, visual loss, myelopathy, reversible posterior 
leukoencephalopathy syndrome (RPLES) and dementia. 
The following section will focus on the drugs that frequently 
cause neurotoxicity. Neurologic complications of chemo-
therapy are reviewed in greater detail in several recent 
reviews (Table 15.2) [95].

Antimetabolites
Methotrexate

Methotrexate is a dihydrofolate reductase inhibitor 
used in the treatment of leukemia, lymphomas (includ-
ing central nervous system lymphoma), choriocarcinoma, 
breast cancer and leptomeningeal metastases. The mani-
festations of methotrexate toxicity depend of the route of 
administration, dose and the use of other treatment modal-
ities such as irradiation.

Intrathecal methotrexate produces aseptic meningitis 
in about 10% of patients. Symptoms of headache, nuchal 
rigidity, back pain, nausea, vomiting, fever and lethargy 
begin 2–4 hours after the drug is administered into the 
intrathecal space and persist for 12–72 hours. Transverse 
myelopathy is also possible, presenting as back or leg pain, 
followed by paraplegia, sensory loss and sphincter dysfunc-
tion. This can occur 30 minutes to up to 2 weeks later, but 
typically happens within 2 days. Variable recovery ensues 
after methotrexate-induced transverse myelopathy. Rarely, 
intrathecal methotrexate results in acute encephalopathy, 
subacute focal neurological defi cits, neurogenic pulmonary 
edema and death. Accidental overdose (more than 500 mg) 
of intrathecal methotrexate usually results in death.

Low-dose methotrexate toxicity is associated with dizzi-
ness, headache and mild cognitive impairment. Symptoms 
resolve after discontinuation of methotrexate [96].

High-dose methotrexate toxicity can have acute, sub-
acute and chronic manifestations. Acute toxicity produces 
somnolence, confusion and seizures within 24 hours of treat-
ment. Subacutely, high-dose methotrexate can cause a sub-
acute stroke-like syndrome, characterized by transient focal 
neurological defi cits, confusion and sometimes seizures, 
that appears within 6 days of exposure and resolves com-
pletely within 72 hours. Chronically, methotrexate can cause 
leukoencephalopathy, either alone or in combination with 
radiotherapy (see Figure 15.2). The manifestations and con-
sequences of leukoencephalopathy were discussed above.

5-Fluorouracil

5-Fluorouracil (5-FU) is a fl uorinated pyrimidine that 
disrupts DNA synthesis and is used in treatment of many 
cancers, including colon and breast cancers. 5-FU crosses 
the blood–brain barrier and the highest concentration is 
found in the cerebellum, where it is toxic to Purkinje and 
granule cells [97]. An acute cerebellar syndrome occurs in 
approximately 5% of patients, characterized by acute onset 
of ataxia, dysmetria, dysarthria and nystagmus. Onset 
begins weeks to months after initiation of treatment and 
the drug should be discontinued when symptoms emerge. 
Complete recovery is the rule. Patients with decreased dihy-
dropyrimidine dehydrogenase activity are at an increased 
risk for developing severe neurologic toxicity follow-
ing 5-FU chemotherapy [98,99]. Other toxicities of 5-FU 
include encephalopathy, optic neuropathy, focal dystonia, 



Acute encephalopathy
• Asparaginase
• 5-Azacytidine
• BCNU (IA or HD)
• Chlorambucil
• Cisplatin
• Corticosteroids
   – Cyclophosphamide
• Cytosine arabinoside (HD)
• Dacarbazine
• Doxorubicin
   – Etoposide (HD)
• Fludarabine
• 5-Fluorouracil (5-FU)
• Hexamethylmelamine
• Hydroxyurea
• Ibritumomab
   – Ifosfamide
   – Imatinib
   – Interferons
• Interleukins 1 and 2
• Mechloramine
• Methotrexate
• Misonidazole
• Mitomycin C
• Nelarabine
• Paclitaxel
• Pentostatin
• Procarbazine
• Tamoxifen
• Thalidomide
• Thiotepa (HD)
• Tumor necrosis factor
• Vinca alkaloids
• Zarnestra

Dementia
• BCNU (IA and HD)
• Corticosteroids
• Cytosine arabinoside
• Dacarbazine
• 5-FU � Levamisole
• Fludarabine
• Interferon-alpha
• Methotrexate

Cranial neuropathy
• BCNU (IA) (ototoxicity)
• Cisplatin (ototoxicity)
• Cytosine arabinoside
• Ifosfamide
• Methotrexate
• Nelarabine
• Vincristine (extraocular palsies)

Acute cerebellar syndrome
• Cytosine arabinoside
• 5-FU

T A B L E  1 5 - 2  NE UROLOGICAL COM P LICATIONS OF CHE M OTHE RAP Y, B IOLOGICAL RE SP ONSE  M OD Ifi E RS AND TARGE TE D M OLE CULAR AGE NTS

• Hexamethylmelamine
• Ifosfamide
   – Interleukin-2
• Procarbazine
• Tamoxifen
• Thalidomide
• Vinca alkaloids
• Zarnestra

Leukoencephalopathy
• Capecitabine
• Cisplatin
• Cytarabine (IT)
• 5-FU with levamisole
• Cyclosporin-A
• Methotrexate (IT)
• Nelarabine
• Sunitinib malate

Headache
• Asparaginase
• Capecitabine
• Cetuximab
• Cisplatin
• Corticosteroids
• Cytosine arabinoside
• Danazol
• Estramustine
• Etoposide
• Fludarabine
• Gefi tinib
• Hexamethylmelamine
• Interferons
• Interleukins 1, 2, 4
• Ibritumomab
• Levamisole
• Mechlorethamine
• Methotrexate (IT)
• Nelarabine
• Octreotide
• Oprelvekin
• Plicamycin
• Rituximab
• Retinoic acid
• SU5416
• Tamoxifen
• Temozolomide
• Thiotepa (IT)
• Topotecan
• Tositumomab
• Trastuzumab
• ZD1839

Aseptic meningitis
• Cytosine arabinoside (IT)
• Levamisole
• Methotrexate (IT)
• Thiotepa (IT)

Myelopathy
• Cisplatin
• Cladribine
• Corticosteroids
• Cytosine arabinoside
• Doxorubicin
   – DFMO
• Fludarabine
• Interferon alpha
• Methotrexate (IT)
• Mitoxantrone (IT)
• Docetaxel
• Thiotepa (IT)
• Vincristine (IT)

Vasculopathy and stroke
• Asparaginase
• Bevacizumab
• BCNU (IA)
• Bleomycin
• Carboplatin (IA)
• Cisplatin (IA)
• Doxorubicin
• Erlotinib
• Estramustine
• 5-FU
• Imatinib mesylate
• Methotrexate
• Nelarabine
• Tamoxifen

Seizures
• Amifostine
   – Asparaginase
• BCNU
• Busulphan (HD)
   – Chorambucil
• Cisplatin
• Corticosteroids
• Cytosine arabinoside
• Dacarbazine
• Etanercept
• Etoposide
   – 5-FU
• Ifosfamide
   – Interferon
   – Interleukin-2
• Letrozole
   – Levamisole
• Mechloramine
• Methotrexate
• Octreotide
• Paclitaxel
• Pentostatin
• Suramin
• Teniposide

• Thalidomide
   – Vinca alkaloids

Visual loss
• BCNU (IA)
• Cisplatin
• Etanercept
• Fludarabine
• Methotrexate (HD)
• Tamoxifen

Neuropathy
• 5-Azacytidine
• Bortezomib
• Capecitabine
• Carboplatin
• Cisplatin
• Cytosine arabinoside
• Docetaxel
• Etoposide
• 5-FU
• Gemcitabine
• Hexamethylmelamine
• Ifosphamide
• Interferon-alpha
• Misonidazole
• Nelarabine
• Oprelvekin
• Oxaliplatin
• Paclitaxel
• Pemetrexed
• Procarbazine
•  Purine analogs (fl udarabine, 

cladribine, pentostatin)
• Sorafenib
• Sunitinib malate
• Suramin
• Teniposide (VM-26)
• Thalidomide
• Tumor necrosis factor
• Vinca alkaloids
• Zarnestra

Syncope
• Bevacizumab
• Erlotinib
• Nelarabine

Adapted with permission from Medlink Neurology (Wen PY, Kesari S, Grier J. Neurologic complications of chemotherapy 2006)
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Parkinsonian syndromes, eye movement abnormalities and 
cerebrovascular disorders [100–108]. The combination of 
5-fl uorouracil and levamisole used to treat colon cancer has 
been rarely associated with the development of a multifocal 
leucoencephalopathy [109].

Capecitabine, a pro-drug that is metabolized to 5-FU 
by the enzyme thymidine phosphorylase, is used to treat 
breast and gastrointestinal malignancies. Neurologic com-
plications are uncommon, but some patients experience 
paresthesias, headaches and cerebellar symptoms. Several 
cases of neuropathies and multifocal leukoencephalopathy 
have been described [110,111].

Cytosine Arabinoside (cytarabine, ara-C)

Ara-C is a pyrimidine analogue that disrupts DNA syn-
thesis and is used in the treatment of leukemias, lympho-
mas and leptomeningeal metastases. Conventional doses 
do not produce much neurotoxicity. However, at higher 
doses, an acute cerebellar syndrome may develop in 10–
25% of patients, particularly those with renal impairment 
[112–114]. Widespread loss of Purkinje cells and cerebellar 
atrophy may ensue. Somnolence is another frequent symp-
tom. Occasionally, high-dose Ara-C produces encepha-
lopathy, seizures, reversible ocular toxicity, lateral rectus 
syndrome, bulbar and psuedobulbar palsy, Horner’s syn-
drome, aseptic meningitis, anosmia and/or an extrapyram-
idal syndrome.

Alkylating Agents
Ifosfamide

Ifosfamide is an alkylating agent that causes cross-linking
of DNA and is used in the treatment of many cancers, 
including a number of sarcomas and gynecological can-
cers. It produces encephalopathy in 20–30% of patients that 
presents hours to days after exposure. Clinical manifesta-
tions include confusion, cerebellar dysfunction, hallucina-
tions, cerebellar dysfunction, seizures, cranial neuropathies, 
extrapyramidal signs and occasionally coma [115–118]. 
The etiology appears to be accumulation of chloracetalde-
hyde, a breakdown product of ifosfamide. The development 
of encephalopathy is a relative contraindication to future 
use of the drug. Methylene blue and benzodiazepines have 
been used to attenuate the symptoms of ifosfamide-induced 
encephalopathy [118–121]. The encephalopathy typically 
resolves without intervention, but rarely the defi cits are 
irreversible.

Cisplatin

Cisplatin produces DNA cross-linking and is used to treat 
medulloblastoma, head and neck, ovarian, germ cell, cervical, 
lung and bladder cancers. Cisplatin produces a neuropathy 
that affects predominantly large myelinated sensory fi bers at 
the level of the dorsal-root ganglion [122,123], causing prop-
rioceptive loss, numbness and parasthesias [122,123]. Sural 

nerve biopsy shows demyelination and axonal loss. The 
neuropathy typically resolves with time after cessation of 
treatment. Cisplatin also commonly causes ototoxicity with 
high-frequency sensorineural hearing loss and tinnitus due 
to dose-related damage to the hair cells in the organ of Corti. 
Audiometric hearing loss is present in 74–88% of patients, 
with symptomatic hearing loss in 16–20% of patients. 
Irradiation increases the risk of hearing loss [124,125]. 
Lhermitte’s sign occurs in 20–40% of patients receiving cis-
platin. Rarely, cisplatin may cause encephalopathy, reversible 
posterior leukoencephalopathy, late vascular toxicity, taste 
disturbance and a myasthenic syndrome. Oxaliplatin is also 
associated with a high incidence of neuropathy, while neu-
ropathies occur infrequently with carboplatin.

Taxanes (paclitaxel and docetaxel)
Taxanes inhibit microtubule function and are used in 

the treatment of many cancers including non-small cell 
lung, ovary and breast cancers. Paclitaxel (Taxol) produces 
a dose-limiting peripheral neuropathy in 60% of patients 
receiving 250 mg/m2. The neuropathy is predominantly 
sensory, affecting both small and large fi bers and manifest-
ing clinically as burning parasthesias of the hands and feet 
and loss of refl exes. It does not commonly progress. Motor 
and autonomic neuropathies have also been reported. 
Rarely, paclitaxel causes seizures and encephalopathy. 
Docetaxel causes neuropathy less frequently, but does 
occasionally cause Lhermittes’s sign [126].

Vincristine
Vincristine is a vinca alkaloid that disrupts microtu-

bules and is used to treat many cancers including leuke-
mia, lymphoma, sarcomas and brain tumors. It causes an 
axonal neuropathy affecting both sensory and motor fi bers 
in almost all patients. Small sensory fi bers are particularly 
affected. Clinical manifestations include fi ngertip and foot 
parasthesias, muscle cramps, foot and wrist drop and sen-
sory loss of varying degrees. Focal neuropathies and cranial 
neuropathies are also possible. In addition to the sensory 
and motor neuropathy, vincristine commonly causes an 
autonomic neuropathy, characterized by gastrointesti-
nal, urinary and/or sexual dysfunction. Rarely, vincristine 
causes the syndrome of inappropriate anti-diuretic hor-
mone (SIADH), resulting in hyponatremia leading to meta-
bolic encephalopathy and seizures.

Vincristine should never be administered intrathecally 
and accidental administration of vincristine into the CSF 
produces a rapidly ascending myelopathy, coma and death 
[9,127].

Other vinca alkloids such as vinblastine and vinorlbine 
are associated with a lower incidence of neuropathies.

L-asparaginase
L-asparaginase is used in the treatement of acute lym-

phocytic leukemia and functions by catalyzing asparagine 



into aspartate and ammonia, thereby inhibiting protein 
synthesis. A hyperammoniemic encephalopathy can occur. 
The severity of the encephalopathy correlates with the 
amount of slow wave activity on the electroencephalogram, 
but not with the degree of hyperammoniemia [128,129].

L-asparaginase can cause a defi ciency in anti-thrombin 
III, plasminogen and fi brinogen. This predisposes patients 
to thrombotic cerebrovascular disease, especially venous 
sinus thrombosis. Patients receiving L-asparaginase who 
present with confusion, obtundation, seizure or new focal 
neurological defi cit should be evaluated for venous sinus 
thrombosis [95].

Anthracycline Antibiotics (daunorubicin, doxorubicin, 
mitoxantrone)

The anthracycline antibiotics exert their anti-
neoplastic action by intercalating between DNA bases, 
causing uncoiling of the double helix structure of DNA. Side 
effects of the anthracylines on the nervous system are indi-
rect. The anthracyclines can cause a cardiomyopathy and, 
subsequently, reduced ventricular contractility can pro-
mote intraventricular thrombus formation. These thrombi 
can cause cardioembolic strokes or transient ischemic 
attacks [130].

Bevacizumab (Avastin)
Avastin and other inhibitors of vascular endothelial 

growth factor (VEGF) and the VEGF receptor (VEGFR) are 
associated with reversible posterior leucoencephalopathy 
syndrome (RPLS). RPLS has been reported with various 
chemotherapeutic and immunosuppressive agents and typ-
ically presents as cortical blindness, headache and confu-
sion. Hypertension may be present and seizures may occur. 
Imaging reveals non-enhancing subcortical leukoencepha-
lopathy in a distal vascular distribution. Discontinuing 
the causative agent usually results in complete resolution 
of symptoms and signs. Recently, two cases of RPLS were 
reported with Bevacizumab use [131,132].

Glucocorticoids
Corticosteroids such as prednisone and dexametha-

sone are used for a number of reasons in oncological ther-
apy, including cytolytic effect on neoplastic lymphocytes 
and reduction of peritumoral edema in patients with brain 

tumors. Corticosteroids have a number of systemic and 
neurological side effects (Table 15.3). Common neurologi-
cal side effects include steroid myopathy and alterations 
in mood. Steroid psychosis, steroid-induced dementia 
and cortical atrophy also occur. Corticosteroids may play 
an important role in cognitive dysfunction during and 
after cancer therapy. In animal models, corticosteroids are 
known to impair the physiology of the developing brain, 
including hippocampal neurogenesis. In humans, pred-
nisone therapy has been demonstrated to impair verbal 
memory function and children treated for acute lympho-
blastic leukemia exhibited more severe long-term cogni-
tive dysfunction if their regimen included dexamethasone 
[133,134].

SUMMARY
Neurologic complications of oncologic therapies are 

occurring with increasing frequency in cancer patients. 
This is a result of the availability of a growing number of 
treatments associated with neurotoxicities and prolonged 
patient survival. Increased understanding of the underlying 
mechanisms for these neurologic complications and meth-
ods to prevent them will be an important challenge for the 
future and will hopefully lead to reduced neurologic mor-
bidity in cancer patients.

Common
• Myopathy
• Behavioral changes 
• Visual blurring
• Tremor
• Insomnia
• Reduced taste and olfaction
• Cerebral atrophy

Uncommon
• Psychosis
• Hallucinations
• Hiccups
• Dementia
• Seizures
• Dependence
• Epidural lipomatosis
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HISTORICAL DEVELOPMENT

Translate/rotate geometry
The fi rst head CT scanner was introduced in 1972 by 

Sir Godfrey Hounsfi eld and called EMI Mark 1. The princi-
pal mathematical basis behind this technology was already 
published in 1917 by J. Radon. The fi rst CT scanner pro-
duced images with an 80-by-80 matrix of 3 mm pixel reso-
lution and required approximately fi ve minutes of scan 
time per pair of slices [1]. In this type of system, a pencil 
beam with only two x-ray detectors was used. The x-ray 
tube and the detector translate linearly across the patient 
at a particular angle. The system then rotates at an angle of 
one degree and translates back across the patient. During a 
total examination time of fi ve minutes the raw data of one 
image pair were acquired with a total gantry rotation of 
180 degrees. This system was the sole CT scanner that used 
parallel beam geometry [2]. The pencil beam geometry 
provides very effi cient scatter reduction, but it was an inef-
fi cient utilization of x-ray source. In the second generation 
of CT scanners, the pencil beam expanded to a small, fan-
shaped beam and the detector increased to a linear array 
of 30 detectors. The translate/rotate confi guration was still 
used, but this new development reduced the acquisition 
time of 18 seconds per slice and made more effi cient use of 
the x-ray beam.

Rotate/rotate geometry
The third generation scanners opened up the x-ray fan 

beam to include the entire patient in the fan. This geom-
etry involves an expanded detector array with more than 
800 detector elements. This type of scanner eliminated 
the time-consuming translation movement and allowed a 
fast image acquisition, approximately 2 seconds per slice. 
The geometry of third generation scanners is especially 
sensitive to detector mis-calibration, because the detec-
tors are permanently irradiated. Because they are con-
stantly moving and vibrating, their calibration could drift 
signifi cantly.

Rotate/stationary geometry
In the next type of CT generation, only the x-ray 

source was rotating around the patient and the x-rays were 
detected using a stationary 360 degree ring of detectors. 
This allows very fast image acquisition, as short as half a 
second. These fourth-generation CT scanners require many 
detectors. Modern scanners use about 4800 detector ele-
ments for the whole ring. The fi xed detector avoid calibra-
tion problems found in the third generation, because the 
beam always irradiates a newly calibrated detector.

Stationary/stationary geometry
In the next step, a so-called cine-CT scanner or elec-

tron beam scanner dedicated for cardiac tomography has 
been developed. It seems like a huge x-ray tube, which the 
patient enters. A large anode arc of tungsten encircles the 
patient semicircularly. A moving electron beam sweeps 
across the anode and generates the x-rays. By using mul-
tiple target layers in anode material, it is possible to pro-
duce up to eight fan beams simultaneously. Consequently, 
electron beam CT scanners are able to acquire eight slices 
within a very short time of 50 milliseconds. The production 
of such a CT scanner is double the cost of a conventional CT 
scanner. Today, only 120 of these scanners exist worldwide.

Helical CT
In the early 1990s, the newly developed slip-ring tech-

nology for x-ray tube and detector connections replaced 
the old CT scanner equipment, which worked with spooled 
cable technology. Now the gantry was able to rotate con-
tinuously around the patient during the entire examina-
tion. Implementation of the helical CT, or commonly called 
spiral CT, revolutionized CT development, as well as clini-
cal practice [3]. During scanning, data acquisition is com-
bined with continuous movement of the patient through 
the gantry. The path of the x-ray beam around the patient 
can be described as a spiral. Whereas conventional CT 
required a step-and-shoot acquisition procedure, helical 
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CT uses much faster and non-stop technology to acquire 
multiple transverse slices [4]. These advances have revo-
lutionized CT scanning in clinical routine. Entire organs 
such as liver or lung can be scanned in a single breath-
hold [5]. This approach enables imaging of continuous 
sections without gaps as a result of changes in respiration 
levels between acquisitions of individual slices. Such gaps 
could lead to masking of lesions hidden in those gaps. Due 
to the better resolution, it is also possible to detect smaller 
lesions. Furthermore, application of intravenous contrast 
agents can be better tailored to the acquisition protocol 
and thinner slices can be obtained. New applications and 
expansion of existing techniques have improved clinical 
diagnosis. The data obtained from spiral CT are truly three-
dimensional and allow multiplanar image reconstruction 
as a consequence of the lack of motion mis-registration 
and the increased through plane resolution [6]. The ability 
to acquire volume data also paved the way for the develop-
ment of three-dimensional image processing techniques.

The helical trajectory of the spiral data acquisition does 
not allow the direct reconstruction of a cross-section of the 
patient. Before reconstruction, the raw data from helical 
data set must be interpolated to the reconstruction plane of 
interest [7,8]. Helical scan protocols have introduced a new 
parameter, called pitch. The pitch is determined by table 
speed (in mm/s) divided by beam collimation (in mm) mul-
tiplied by the gantry rotation period:

Pitch
table movement per 360 degree gantry

�
- rrotation

collimator width

In other words, the pitch factor is a ratio without units 
which provides information about table movement relative 
to beam collimation. A pitch of less than 1 means that the 
data are over-sampled, which may result in a better image 
quality but higher radiation dose for the patient. Therefore, 
pitch factors greater than 1 and up to 1.5 are commonly 
used in clinical routine. However, the key limitation is that 
slice thickness is still determined by the collimation of 
the x-ray beam. Opening up the collimator increases the 
slice thickness which improves x-ray beam utilization, but 
reduces the through plane resolution.

Multiple detector array CT
Multislice CT represents another major shift in CT tech-

nology. By using multiple detector arrays, the collimator 
spacing of the x-ray beam is wider and therefore more x-rays 
are used in producing image data. With the introduction 
of this approach, the slice thickness is determined by the 
detector size and not by the collimator [9]. This allows the 
acquisition of several images simultaneously [10]. Modern 
scanners are available with up to 128 detector rows (cur-
rent prototypes use 256 detector rows). The main benefi t 
is an improved scan speed and the availability of isotropic 

images. In multislice CT, the beam is split into several slices 
and therefore the defi nition of the pitch factor is different 
than in single detector spiral CT scanners [11]. For example, 
a four detector array multislice scanner is acquiring 2.5 mm-
thick slices at a tabletop speed of 15 mm per one-second 
gantry rotation. This results in a pitch of 6 (15 m/2.5 m) 
which corresponds to a single collimator pitch of 1.5.

Pitch
table movement per 360 degree gantry

�
- rrotation

collimator width number of detecto� rrs

Dual source CT
Dual source CT scanner is the newest step of devel-

opment in CT technology. This type of system uses two 
x-ray sources with two corresponding detector arrays 
which are mounted onto a rotating gantry with an off-
set of 90 degrees. The x-ray tubes can operate with two 
different energies simultaneously [12]. Alternatively, it 
is possible to acquire image data in half the time, unlike 
conventional technology. For example, a dual-source 
multidetector row scanner can acquire an entire car-
diac study within a single 10-second breath hold.

IMAGE RECONSTRUCTION
Each registered beam is just a projection of attenu-

ation characteristics of the irradiated tissue. The aim of 
the reconstruction algorithm is to estimate how the tissue 
absorptions are distributed along the x-ray path. This goal 
is not achievable using a single projection profi le. Instead, 
it needs a large number of projections for many different 
angles. The acquired projection profi le can be displayed as 
a sinogram (Figure 16.1). Sinograms are not used for clini-
cal routine, but they are relevant for understanding tomo-
graphic principles. The horizontal axis of the sinogram 
represents the different projection profi les. The vertical axis 
in the sinograms corresponds to each angle of projections. 
Objects closer to the center of the fi eld of view produce 
small sinusoid amplitudes in the sinogram, objects closer 
to the edge heighten sinusoidal amplitudes.

Reconstructing an image from the projection pro-
fi les is a classical inverse problem. The early attempts at 
CT reconstruction used an iterative approach called alge-
braic reconstruction algorithm (ART) [13]. This algorithm 
starts with an assumed image, computes projections from 
the image, compares the original projection data and 
updates the image based on errors between projections 
that would be obtained from the current pixels, values 
and actual projection. This method was very time con-
suming and computationally intensive. A faster CT recon-
struction approach has been developed called fi ltered 
back-projection [14]. It became widely accepted because 
reconstruction of the images is completed as soon as the 
CT examination is fi nished.
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Figure 16.2 shows a simplifi ed 3-by-3 matrix array 
containing nine pixels, each pixel having specifi c values of 
absorption coeffi cients. In such a way, a high attenuation 
pixel is in the center and lighter attenuation pixels are in 
the periphery. Three projection profi les pass through the 
array vertically, horizontally and diagonally. By using the 
direct back-projection procedure alone, the record meas-
urement reading for each detector element is distributed 
evenly along the path of the x-ray. Subsequently, each pixel 
is set to the average of all angularity of beams that traverse 
that pixel. Now the measurement reading is back-projected 
and averaged into each pixel. The reconstructed image 
resembles the original, but is modifi ed by a blurring map.

By virtue of the extensive blurring, the direct back-
projection yielded no suitable outcomes. In practice, before 
back-transformation is carried out, each projection profi le is 
fi ltered. The mathematical fi ltering step involves convolving 
the projection data with a convolution kernel. The fi ltered 
back-projection is easiest to implement in the frequency 
domain using a special Fourier transformation called the 
Fourier slice theorem. The Fourier slice theorem states that 
the one-dimensional Fourier transform of the projection 
profi le is equal to the two-dimensional Fourier transform 
of the image evaluated on the radial line that the projec-
tion was taken on [15]. Once the two-dimensional Fourier 
transform space is fi lled from the individual one-dimen-
sional Fourier transforms of the projection profi les, the 
image can be generated by applying an inverse two-dimen-
sional Fourier transform to this space. Before the inverse 
transform is done, the user can apply different convolution 
kernels as fi lter procedure to create an appropriate charac-
ter of the diagnostic image. The most common kernels are 
derived by a so-called Ram-Lak fi lter multiplied with a low 
pass fi lter [16]. In fi lter procedures, the shape of the kernel 
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and (C) illustrates the same smearing effect by a relief fi gure.
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would be impressed to each projection profi le, so avoiding 
the blurring effects in reconstructed images (Figure 16.3).

After CT reconstruction but before storing and display-
ing, CT images are normalized and truncated to integer 
values. These values are called Hounsfi eld units or CT num-
bers and represent quantitative data with specifi c values for 
each tissue quality [17]. In general, they are related to the 
attenuation coeffi cient of water, because most tissues have 
linear attenuation coeffi cients very similar to that of water 
over a large photon-energy interval. This is the reason for 
introducing the dimensionless Hounsfi eld unit (HU):

HU tissue water

water

�
�

�
µ µ

µ
1000

Where µ is the linear attenuation coeffi cient of the 
material in the irradiated pixel and µw represents the attenu-
ation coeffi cient of water. Each Hounsfi eld unit is equivalent 
to 0.1% of the attenuation of water [18]. These normalized 
results in Hounsfi eld units range typically from �1000 to 
�3000, where �1000 corresponds to air, soft tissues range 
from �100 to �100, water is 0, and dense bone and areas 
which are fi lled with contrast agent range up to �3000. 
Hounsfi eld units are quantitative and provide important 
information leading to more accurate diagnosis in many 
clinical settings. For example, the identifi cation of calcifi ed 
or non-calcifi ed pulmonary nodules can be determined 
from CT images based on mean Hounsfi eld units of the 
nodule. CT scanners can measure bone density with good 
accuracy. Furthermore, the quantitative image pixels are 
used for radiotherapy dose planning. The accuracy of dose 
calibrations based on such CT data is partly determined by 
the precision of the calibration of CT Hounsfi eld units to 
relative electron density.

CT images typically possess 12 bits of gray scale for a 
total of 4096 shades of gray. This corresponds to the range 
of Hounsfi eld units �1000 to 3095. However, human eyes 
cannot resolve that many shades of gray in medical images. 
If the full value range (�1000 to �3095) were displayed, the 
particular tissues of interest would be limited to a relatively 
small range of Hounsfi eld units. Consequently, the visuali-
zation and medical diagnoses would be limited. The most 
common way to adjust the intensity values of the anatomic 
tissues of interest to the dynamic range of human eyes is 
applying a look-up table. A look-up table lists the relation-
ship between stored Hounsfi eld units and their correspond-
ing gray scale values of the output image. Contrast can be 
enhanced by assigning a narrow interval of Hounsfi eld units 
to the entire gray scale on the display monitor. This post-
processing procedure is called windowing and leveling. The 
window width determines the contrast of the image. A nar-
rower window results in greater contrasts (Figure 16.4). The 
level is the Hounsfi eld unit at the center of the window and 
selects the structures in the image displayed on the gray 
scale, i.e. from black to white. For example, a head CT image 
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FIG. 16.3. Schematic illustration of the steps in fi ltered back-
projection. Each single acquired projection profi le will be con-
verted to the frequency domain using Fourier-transformation. In the 
frequency domain, the mathematical fi lter operation (convolution) 
is easy to apply using multiplication with a frequency domain fi l-
ter kernel. The resulting product will be reconverted to the spatial 
domain by applying the inverse Fourier transform and is ready 
to be back projected. These steps would be repeated for each 
angle. The illustration shows a reconstruction result of an original 
object using 45 projections.

122 C H A P T E R  1 6  •  P H Y S I C S  O F  C T:  S C A N N I N G



viewed at a center of �50 and a window of 200 Hounsfi eld 
units is optimized for gray and white matter contrast. The 
center of �50 corresponds to the approximate Hounsfi eld 
unit of gray and white matter and it is these tissues that will 
be displayed with the mid-gray illumination. A window of 
200 HU implies a range from �50 to �150. Consequently, 

all tissues having Hounsfi eld units of 150 or above will be 
displayed as white, while all tissues of �50 and below will 
be displayed as black. It is routine to display CT images 
using several different window and level settings for each 
image in order to enhance the depiction of various tissues, 
such as lung, soft tissues and bones.
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FIG. 16.4. The images show the effect of changes in window width. The level is the Hounsfi eld unit which corresponds to the center 
of the window. Only the Hounsfi eld units inside the window are displayed in the image. Structures outside the window width are dis-
played either completely black or white. The left image shows a window of 1400 HU by a level of 250 HU. The right image shows the 
same level but with a narrower window of 700 HU. This narrow window generates a very high contrast image.
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HISTORY
While x-rays revolutionized modern medicine, many 

soft tissue structures in the human body remain invisible 
on x-ray images, including computed tomography (CT). 
Therefore, the value of contrast agents was recognized early 
on in the development of diagnostic x-ray applications. 
Consequently, development of x-ray contrast agents has 
made signifi cant progress over the past century, in order to 
accommodate the diagnostic requirements and to design 
safely applicable products. Even though new generations 
of CT scanners as well as modalities with better soft tissue 
contrast, e.g. magnetic resonance imaging and ultrasound, 
improved the capabilities of native scans, contrast agents 
are employed routinely in CT. Their functions are to depict 
morphology by creating or increasing the contrast between 
different anatomic structures and to visualize function, e.g. 
perfusion, integrity of the blood–brain barrier or capacity of 
elimination processes (kidneys or liver).

GENERAL PRINCIPLE OF X-RAY 
CONTRAST AGENTS

Contrast in x-ray images is determined by the absorp-
tion of x-rays by the irradiated tissue depending on atomic 
number, concentration and volume of the absorbing mate-
rial. In some regions of the body, different tissues provide 
enough inherent contrast, e.g. chest, but in other regions 
where the properties of the present organs are similar, e.g. 
abdomen, virtually no intrinsic contrast is present. Therefore, 
the introduction of materials that reduce (gases, negative 
contrast agents) or increase (iodine, barium, positive con-
trast agents) absorption and as a result enhance contrast is 
necessary.

In the 1950s, iodinated contrast agents based on triiodo-
benzene were established and continued to dominate the 
fi eld until today. This is based on the physico-chemical prop-
erties of iodine (high density, fi rm binding to benzene and 
low toxicity) and the availability of positions 1, 3 and 5 for the 
introduction of side chains in order to modify the biological 
and chemical properties of the complex (Figure 17.1) [2–5].

Soon, it became obvious that the side effects of these 
contrast agents were attributable to the high osmolality 
of the agents, and substances with lower osmolality (non-
ionic contrast agents) were formulated [6]. Besides the 
lower osmolality, the non-ionic contrast agents have two 
distinct advantages over ionic ones:

1 The incidence of general reactions and of allergic reac-
tions that can be life-threatening is markedly reduced 
[7–10]. The improved tolerance of non-ionic versus 
ionic substances is rooted in several physico-chemical 
properties such as the absence of any electrical 
charges or cations and signifi cantly better shielding by 
hydrophilic side chains.

2 Neural tolerance improved due to the blood-isotonic 
character of the substances. Therefore, non-ionic contrast 
agents have replaced ionic ones virtually completely.

CURRENT APPLICATIONS OF CONTRAST 
AGENTS IN CT

Initially, it was thought that the high soft tissue con-
trast of CT would make the administration of contrast 
agents unnecessary. However, nowadays the use of con-
trast agents in CT is routine and utilized in a wide variety 
of applications. These applications range from mechanical 
fi lling of cavity structures in CT myelography (intrathecal 
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FIG. 17.1. Triiodianted contrast agent. Aromate � Parent sub-
stance; I � iodine, contrast enhancement; COOH � water solu-
bility; R1, R2 � reduction of toxicity.



administration) over purely anatomical depiction of per-
fusion defects in stroke (intravenous application) to func-
tional assessment of the blood–brain barrier in the diagnosis 
of brain tumors (intravenous application).

If injected intrathecally the contrast agent mixes with 
the CSF, fi lls and opacifi es the luminal area of spinal canal. 
Thereby, it unmasks luminal changes, such as stenoses or 
cavities [11]. Intravenous application can reveal perfusion 
defects caused by occlusion of a vessel and can depict vascu-
lar anatomy. The CT scan then not only shows the occluded 
vessel, but also the affected area of the brain by lack of con-
trast enhancement in that area. Intravenous application 
also demonstrates bleeding due to rupture of a vessel or an 
aneurysm. Here, contrast agent leaks out of the ruptured 
vessel, into the surrounding tissue and reveals the extent of 
hemorrhage in the brain. It also indicates intraluminal fi lling 
defects in sinus thrombosis and can enhance the entire vas-
culature in CT angiography. Leaking of the contrast through 
the blood–brain barrier into the parenchyma of the brain 
represents functional disruption of the blood–brain barrier 
by a tumor with immature, leaky vasculature [12].

Modern multislice spiral CT scanners allow the acqui-
sition of serial, time-resolved images of the same slice, even 
of the same volume, after injection of the contrast agent 
(dynamic CT). These time series represent the fi rst pass 
of contrast agent through the tissue allowing the density 
patterns in the observed volume to be followed over time. 
The individual time-density curve (arrival and wash out of 
the contrast agent) permits conclusions about the func-
tional status and distribution of the contrast agent. In addi-
tion, pharmacologically induced functional changes can be 
observed [13].

SIDE EFFECTS AND TOXICITY
X-ray contrast agents are usually injected in high vol-

umes and at high rates. Therefore, important prerequisites 
of contrast agents are low toxicity and safe application. A 
major improvement in patient safety has been the step from 
ionic to non-ionic contrast agents. For ionic agents, the inci-
dence of side effects is high, depending on the patient’s con-
dition, the type of examination, the contrast agent, its dose 
and the circumstances the examination has been performed 
under, elective versus emergency. Of special interest are 
severe or fatal incidents. The numbers for these incidents 
vary greatly between 1 out of every 116 000 patients to 1 out 
of every 10 000 patients. Non-ionic contrast agents are being 
better tolerated in various ways (Table 17.1). It has been 
shown that the incidences of general reactions has been 
reduced using non-ionic contrast agents [7,14]. The fre-
quency of severe reactions has also been reduced. However, 
up to now no conclusion can be drawn about the frequency 
of fatal incidents but, since life-threatening events are 
reduced by using non-ionic contrast agents, it is very likely 
that they also reduce the number of fatalities.

Nevertheless, it has to be stressed that only the fre-
quency of side effects is reduced by non-ionic contrast 
agents and that the same kind of side effects do occur. 
Therefore, if administering contrast agents, even non-ionic 
ones, one has to be prepared to treat reactions. With the 
introduction of non-ionic contrast agents, delayed reac-
tions were described, noticed hours to days following the 
administration of the agent. These reactions include rash, 
parotitis, headache and nausea. No differences between 
ionic and non-ionic contrast agents could be demonstrated 
for delayed reactions [15]. However, for non-ionic contrast 
agents, it has been demonstrated that delayed reactions 
were twice as common as early reactions occurring within 
the fi rst 30 minutes after administration [14]. This should 
lead the attending physician to draw the patient’s attention 
to possible delayed reactions, even though these reactions 
were usually mild in intensity.

While side effects cannot be generally attributed to one 
singular mechanism, they can be classifi ed into two main 
reactions:

1  General and dose-independent anaphylactic reac-
tions: these effects do not correlate with the osmolal-
ity or the amount of the injected contrast agent. Even 
small diluted or isotonic amounts of contrast agent can 
lead to general reactions. Several mechanisms have 
been discussed as a trigger for these incidents, includ-
ing effects on the blood coagulation or the vascular 
endothelia, an effect on the central nervous system or 
a cross-reaction with antibodies against immunogenic 
substances. The reactions range from mild (urticaria, 
dizziness) to severe (cardiac arrest) reactions. The mor-
tality with ionic contrast agents is reported to range 
from one in every 10 000 to 100 000 patients. 

  While these reactions can occur with ionic and non-
ionic agents, they occur less frequently with non-ionic 
agents. Often, in patients who had repeated reactions 
to ionic contrast agents, non-ionic ones were tolerated 
without any symptoms [7,8,10,16]. In patients at risk, 

T A B L E  1 7 - 1  Tolerance of ionic and non-ionic contrast 
agents in comparison 

Reactions, side effects Ionic contrast  Non-ionic contrast 
 agents agents

General reactions � �

Osmolality-dependent effects � �

General renal tolerance 0 0 
(IV application)
Renal angiography � �

(IA application)
Cardiodepression � �

(due to calcium binding)
Neural tolerance � �

�: worse than; �: better than; 0: no difference
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with a prior history of anaphylactic or allergic reactions 
or cardiopulmonary patients, the use of prophylac-
tic medications reduces the frequency and severity of 
anaphylaxis. However, it does not rule out anaphylactic 
reactions and, moreover, it does not alleviate other reac-
tions or side effects. Possible medications are the com-
bination of H1 and H2 blockers or oral administration of 
32 mg methylprednisolone twice (6 hours and 2 hours) 
before the injection. Patients without any risk factors do 
not benefi t from prophylaxis [17,18].

2 Dose-dependent side effects: these effects can be related 
to the osmolality and pharmacological effects of the 
contrast agent. Examples for these effects are pain, car-
diovascular effects, renal damage or a sensation of heat. 
Non-ionic contrast agents have replaced ionic ones to a 
considerable degree due to their lower osmolality. They 
have distinct advantages in pain intensive applications 
and angiography.

Certain conditions demand special attention and spe-
cial measures before an iodinated contrast agent is applied. 
In addition, certain precautions have to be taken and 
arrangements have to be made in case a reaction occurs. In 
the following, some scenarios are described.

Pregnant and breast-feeding patients: x-ray contrast 
agents have not proven to be safe in pregnant patients. 
However, since exposure to x-rays should be avoided during 
pregnancy (and alternative investigations, such as magnetic 
resonance imaging (MRI) or ultrasound (US), are preferred), 
the application of x-ray contrast agents during pregnancy 
does not pose a real imminent problem. Contrast agents do 
not (or only minimally) enter the breast milk and therefore 
do not pose a threat to the infant.

Iodine-induced hyperthyroidism: in pathologically altered 
thyroid glands, the injection of iodine (diagnostic or thera-
peutic) can have serious metabolic side effects as severe as 
thyrotoxic crisis. This applies especially for patients with 
struma or hyperthyroidism and, therefore, hyperthyroidism 
has to be excluded prior to contrast agent injection. The risk of 
hyperthyroidism is exclusively determined by the injection of 
iodine. As a result, the risk of hyperthyroidism is not alleviated 
by the use of non-ionic contrast agents. It is the same for ionic 
and non-ionic ones. Iodine-induced hyperthyroidism occurs 
weeks or months after the iodine administration and patients 
have to be alerted to watch for symptoms.

In case of a mandatory application of iodinated con-
trast agent in a patient with hyperthyroidism, a double pro-
phylactic medication should be administered. It consists of 

perchlorate (3 � 300 mg daily) for 2 days prior and 1 week 
after and of thiamizole (2 � 20 mg daily) for 2 days prior 
and 3 weeks after contrast agent application.

Renal damage: intravenously administered contrast 
agents in CT are eliminated by the kidneys. In patients 
without further risk factors, the possibility of impairment 
of renal function is not imminent [19,20]. Deterioration 
is defi ned as an increase in serum creatinine of at least 
1 mg/dl. In patients with risk factors in addition to the 
application of contrast agents, such as renal insuffi ciency, 
insulin-dependent diabetes mellitus, dehydration, cardiac 
insuffi ciency or age � 70 years, impairment of the kidneys 
cannot be excluded. Therefore, alternative procedures such 
as MRI and US should be chosen. If the application of iodi-
nated contrast agents cannot be avoided, various prophylac-
tic measures are recommended. They include appropriate 
hydration, discontinuation of drugs which can compromise 
renal function, avoiding multiple examinations with con-
trast agent application and administration of acetylcysteine.

Metformin-induced lactic acidosis: care should be taken 
with the medication given to the patient. The administration 
of iodinated contrast medium in addition to oral antihyper-
glycemic agents containing metformin may put the patient 
at an additional risk of lactic acidosis. Even though a rare 
condition, it is a very severe one with a mortality of up to 50% 
[21]. The incidence is reported to be 9 per 100 000 patients 
per year of metformin intake, many of whom can be attrib-
uted to contraindications like congestive heart failure, renal 
failure, advanced age and states with tissue hypoxemia.

Impaired renal function is thought to lead to an accu-
mulation of metformin, predisposing to a lactic acidosis. 
Only particular cases are reported which show an association 
of metformin with the administration of iodinated contrast-
medium [22]. Most of these patients had renal insuffi ciency. 
These results have led to guidelines, which propose a regi-
men solely dependent on renal function. When a normal 
renal function is found, metformin should be stopped at 
the time of contrast medium administration and should be 
resumed at the earliest 48 h later given a normal renal func-
tion by monitoring serum creatinine. In renal dysfunction, 
metformin therapy should be withdrawn 48 h before and 
after the administration of contrast medium [23,24].

For guidelines for therapy and prophylaxis of adverse 
reactions to contrast agents, please also refer to Bush and 
Swanson [25]. Even though such reactions are rare, the 
administering physician always has to be prepared to react 
to an emergency and treat possible side effects.
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EXTERNAL MAGNETIC FIELD, PROTONS 
AND EQUILIBRIUM MAGNETIZATION

Much of the bulk of the magnetic resonance imag-
ing (MRI) scanner apparatus is dedicated to producing an 
extremely strong magnetic fi eld, denoted as B0. Common 
present day whole-body clinical systems operate at fi eld 
strengths of 1.5 Tesla (30 000 times the strength of the 
earth’s magnetic fi eld), although both lower and higher fi eld 
strength systems are in use.

The great majority of clinical MRI applications image 
protons, present in vast numbers throughout the body in all 
molecules containing hydrogen nuclei. These protons have 
a physical characteristic, the nuclear spin, which imparts 
magnetic properties to the nucleus and which is vital to MR 
image formation.

When placed into the strong B0 magnetic fi eld, a small 
excess of the nuclear spins align along rather than opposed 
to the fi eld direction and their microscopic magnetizations 
sum into a net equilibrium magnetization vector denoted 
M0 (Figure 18.1). The strength of M0 (and subsequently the 

maximum available signal strength) scales with the size of 
B0, providing the primary motivation for the development 
and use of higher B0 fi eld strength systems.

LARMOR PRECESSION AND MRI SIGNAL
Once M0 is perturbed away from its equilibrium z-axis, 

it behaves as a classical bar magnet and precesses about 
B0 at a characteristic frequency, the Larmor frequency 
ω0 � γB0. This precession frequency scales with the strength 
of the external magnetic fi eld B0, with a proportionality 
constant, the gyromagnetic ratio γ, that is an intrinsic prop-
erty of the nucleus being interrogated and is the same for 
all protons throughout the body. At typical clinical MRI fi eld 
strengths, the proton Larmor frequency is in the megaHertz 
(MHz) or radiofrequency range.

When surrounded by a loop of wire, ‘the coil’, the time-
varying magnetic fi eld created by the precessing magneti-
zation vector induces a current, ‘the signal’, which forms 
the basis for image formation in MRI (Figure 18.2).
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FIG. 18.1. The direction of the external static magnetic fi eld 
B0 defi nes the z-axis, or ‘longitudinal’ axis of the MRI appara-
tus. The perpendicular x-y plane is often denoted the ‘transverse’ 
plane. A vector sum of the microscopic nuclear spin magnetiza-
tions yields the net equilibrium magnetization vector M0 oriented 
along the z-axis.
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FIG. 18.2. Precessing magnetization vector M, separated into 
its longitudinal component ML which remains fi xed along the 
z-axis and its transverse component MT which precesses about 
the z-axis in the x-y plane. The time varying magnetic fi eld pro-
duced by the precessing magnetization induces an oscillating 
current in the coil surrounding the magnetization vector.
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RADIOFREQUENCY ENERGY AND 
RESONANCE

In order to precess and induce a signal, M0 must fi rst 
be tilted away from its equilibrium ‘longitudinal’ z-axis 
orientation and into the ‘transverse’ x-y plane. In fact, the 
magnetization vector may best be thought of in terms of its 
longitudinal component ML which remains fi xed along the 
z-axis and its transverse component MT which precesses 
about B0 in the x-y plane (see Figure 18.2). MRI relies on the 
use of radiofrequency or ‘RF’ magnetic fi elds, denoted B1, 
to convert longitudinal magnetization into transverse mag-
netization, or equivalently, to tilt the magnetization vector 
into the transverse plane.

The weak B1 magnetic fi elds are aligned in the trans-
verse plane, perpendicular to the z-axis. By its nature, M0 
will precess about any externally applied magnetic fi eld, so 
this B1 fi eld will tilt the magnetization away from its equi-
librium z-axis. However, the strength of the applied B1 fi eld 
is so tiny in comparison to B0 that if its direction remained 
fi xed, it would have a negligible net effect due to the rapid 
precession of the magnetization vector about the z-axis. 
MRI works in this setting by rotating the axis of the B1 fi eld 
about the z-axis exactly in concert with the precessing 
magnetization vector. When the direction of the applied 
B1 fi eld is altered in step with the Larmor precession of M0, 
the effect of the weak B1 fi eld can accumulate over time 
and cause a net tilting of M0 towards the transverse plane 
(Figure 18.3). This precise matching of the two frequen-
cies is the ‘resonance’ criterion from which MRI borrows its 
name and it sets the B1 frequency in the megaHertz radio-
frequency range.

Resonant radiofrequency energy is typically applied as 
‘RF-pulses’, whose combination of amplitude and duration 
produces a predictable net tilting of the magnetization vec-
tor away from the z-axis by a prescribed angle. A 90º pulse 
takes M0 from the z-axis fully into the transverse plane, 
while a 180º pulse produces an excursion from �z to the �z 
axis (Figure 18.3).

RELAXATION

T1 and T2 Relaxation
After the net magnetization vector has been perturbed 

away from equilibrium, it will eventually return to its equi-
librium state, with restoration of M0 along the �z-axis. This 
occurs through simultaneous recovery of the longitudinal 
magnetization component ML along the z-axis via T1 relax-
ation, and disappearance of the transverse magnetization 
component MT via T2 relaxation. The two relaxation rates, 
denoted T1 and T2, are intrinsic features of the underlying 
tissue (related to tissue structure and microscopic proton 
motion) and vary with tissue type.

Figure 18.4 demonstrates the relaxation curves of the 
longitudinal and transverse magnetization components 
following a 90º RF pulse. The 90º pulse converts all of the 
longitudinal magnetization into transverse magnetization, 
leaving no residual ML, and a maximal value of MT. ML then 
re-grows from zero to its equilibrium value M0 along �z, 
recovering most rapidly for fat and most slowly for CSF. MT 
decays away to zero at the T2 relaxation rate, with loss of 
MT (and thus signal strength) occurring most rapidly for fat 
and most slowly for CSF.

T2* Relaxation
Signal strength actually decays at the T2 relaxation rate 

only in an idealized situation in which all spins experience 
exactly the same external magnetic fi eld. In reality, any 
source of inhomogeneity in this fi eld causes nearby spins to 
precess at different frequencies and to dephase more rapidly, 
resulting in more rapid signal loss with a shortened relaxa-
tion time, T2*. Common sources of these inhomogeneities 

180°
90°

A B C

FIG. 18.3. (A) In the presence of the RF fi eld, the magneti-
zation vector spirals down from the z-axis into the transverse 
plane. (B) Net effect of a 90º RF-pulse. (C) Net effect of a 180º 
RF-pulse.
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FIG. 18.4. (A) T1-relaxation curves describing recovery of 
longitudinal magnetization towards equilibrium following a 90º 
RF pulse. (B) T2-relaxation curves describing the decay of trans-
verse magnetization towards zero following a 90º RF pulse. In 
sequence from shortest to longest relaxation times (fastest to slow-
est relaxation rates): fat, white matter (WM), gray matter (GM) 
and cerebrospinal fl uid (CSF). As T1 relaxation represents recov-
ery of longitudinal magnetization towards M0, while T2 relaxa-
tion represents decay of transverse magnetization towards zero, 
the directions of the curves are reversed from (A) to (B).
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include the inability to engineer an absolutely uniform mag-
netic fi eld and ‘susceptibility effects’ in which differences 
in the magnetic properties of nearby materials (air, metal, 
blood products) distort the magnetic fi eld.

IMAGE CONTRAST MECHANISMS

Basic Pulse Sequence and Imaging 
Parameters TR and TE

Figure 18.5 outlines a simplifi ed ‘pulse sequence’ dia-
gram and defi nes two key variables, TE and TR, that may be 
adjusted to alter image contrast. The ‘echo time’, TE, may 
be thought of as the delay after the RF pulse during which 
the signal is gathered. The ‘repetition time’, TR, denotes the 
time interval between subsequent excitations by RF pulses. 
The process of creating an image requires numerous repeti-
tions of this basic building block (see below).

During each TR, longitudinal magnetization is allowed 
to grow back along �z, to a degree depending on the tis-
sue’s T1 relaxation rate. Adjusting TR in this pulse sequence 
thus controls the extent of T1-weighted contrast introduced 
into the image (see below).

Immediately following the subsequent RF pulse, each 
tissue has its maximal amount of transverse magnetiza-
tion. This transverse magnetization then decays towards 
zero during TE, to a degree depending on the tissue’s T2 
relaxation rate. Adjusting the length of the TE delay before 
collecting the induced signal thus controls the extent of T2-
weighted contrast introduced into the image (see below).

Proton-Density, T1-Weighted and 
T2-Weighted Images

The ‘proton density’ refers to the number of hydrogen 
nuclei per unit volume. A region with a greater number of 
spins will contribute more magnetization and thus more 
signal than an equivalent region containing fewer spins. 
Proton density images are designed to show purely this 
underlying density variation. T1- and T2-weighted images 
then superimpose additional image contrast based on the 
differing relaxation times of the tissues, to degrees depend-
ing on the TR and TE values chosen for the scan. It must be 
emphasized that T1 and T2 are fi xed parameters refl ecting 
physical characteristics of the tissue, while TR and TE are 
imaging variables that are adjusted at the MR scanner to 
accentuate image contrast between tissues.

The magnitude of the signal collected for a given tissue 
type is determined by multiplying the underlying proton 
density distribution by the values of the T1 and T2 relaxa-
tion curves of Figure 18.5 for each particular tissue at the 
chosen TR and TE times. The appropriate choices of TR 
and TE values are contained in Table 18.1 and discussed 
below.

Proton-Density Images
Proton density images rely on a very long TR value to 

eliminate T1-weighted contrast and a very short TE value to 
eliminate T2-weighted contrast. The long TR allows recov-
ery of full equilibrium magnetization for all tissues. The 
next RF pulse transfers these magnetizations to the trans-
verse plane, where they precess and induce the signal that 
is recorded immediately (at a very short TE) before signifi -
cant T2 relaxation can take place. The resulting image then 
refl ects the spatial distribution of proton density across the 
patient, without additional T1- or T2-weighted contrast.

T1-Weighted Images
T1-weighted images rely on relatively short values of 

TR to introduce T1-weighted contrast and very short TE 
values to eliminate T2-weighting. The short value of TR 
establishes differences in longitudinal magnetization val-
ues for different tissue types (see Figure 18.5B). Following 
the subsequent RF pulse to transfer this magnetization to 
the transverse plane, the induced signal is collected rapidly 
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FIG. 18.5. (A) Schematic pulse sequence diagram. (B) T1 
relaxation occurs during each repetition time (TR) between sub-
sequent 90º RF pulses. Choice of TR thus determines the extent of 
T1 weighting in the image. (C) T2 relaxation occurs during each 
echo time (TE), which defi nes the timing of signal collection after 
each RF pulse. Choice of TE thus determines the amount of T2 
weighting in the image. TR and TE ranges to produce T1-weighted 
and T2-weighted images are bracketed in (B) and (C).

 Proton density T1-weighted T2-weighted

TR As long as  Relatively  As long as 
 possible short possible
TE As short as  As short as  Relatively 
 possible possible long

T A B L E  1 8 - 1  Appropriate choices of TR and TE to create 
T1-weighted, T2-weighted and proton density images



(at short TE) to minimize T2-weighting. This combination 
produces a T1-weighted image while eliminating the con-
founding effects of T2-weighting.

T2-Weighted Images
T2-weighted images rely on a very long TR value to 

eliminate T1-weighting and a relatively long TE value to 
introduce T2-weighted contrast by creating differences in 
transverse magnetization between different tissue types. 
The long TR allows recovery of full equilibrium magnetiza-
tion for all tissues. Following the subsequent RF pulse to 
transfer this magnetization to the transverse plane, signal 
is not collected until enough TE time has passed to high-
light differences in transverse magnetization based on 
T2-relaxation differences (see Figure 18.5C). This combina-
tion produces a T2-weighted image while eliminating the 
confounding effects of T1-weighting.

Figure 18.6 shows examples of the different image types, 
achieved by appropriate adjustment of TR and TE.

Inversion Recovery
Inversion recovery sequences add an additional 180º 

RF pulse to the basic pulse sequence building block of 
Figure 18.5. Following this pulse, there is a delay time τ 
before the subsequent 90º pulse and signal collection at TE 
(Figure 18.7). TE and TR are chosen to produce T2-weighted 
images, but the additional τ imaging variable provides a 
mechanism to use T1 relaxation differences to uniformly 
suppress signal from a tissue of interest (water in FLAIR 
images and fat in STIR images).

FLAIR
In FLAIR (fl uid attenuated inversion recovery) images, 

τ is chosen to correspond to the zero-crossing point in the 
T1 relaxation curve of water. The 90º RF pulse is applied 
at just the moment that the longitudinal magnetization of 
cerebrospinal fl uid crosses through zero, so that there is no 
formation of transverse magnetization to produce signal 
from the CSF. Other tissue types with faster T1 relaxation 
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FIG. 18.6. Different types of image contrast in a patient with melanoma metastases. (A) Proton density, (B) T2-weighted, 
(C) FLAIR, (D) T1-weighted and (E) T1-weighted following intravenous gadolinium administration. Note the slightly lower signal intensity 
of white matter relative to gray matter on the T2-weighted and FLAIR images, as opposed to its slightly higher relative intensity on 
the T1-weighted image. In (E), the metastases enhance due to the T1-shortening effect of gadolinium in regions where it enters tissues 
across a disrupted blood–brain barrier. The shorter T1 time leads to greater recovery of longitudinal magnetization during each TR 
and produces greater signal after the subsequent RF pulse. In (C) the FLAIR image eliminates the signal from CSF, while continuing to 
demonstrate the vasogenic edema surrounding the metastases.
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have recovered signifi cant portions of their equilibrium 
magnetization, so the 90º pulse does produce transverse 
magnetization and MR signal for these tissues. Figure 18.6C 
provides a sample image.

STIR
In STIR (short tau inversion recovery) images, τ is cho-

sen to match the zero-crossing point in the T1 relaxation 
curve of fat. As a result, STIR provides a robust method 
of uniform fat suppression and is particularly helpful in 
accentuating soft tissue edema within fat-containing tis-
sues such as bone marrow.

MAKING AN IMAGE

Spatial Localization by Magnetic Field 
Gradients

Spatial localization in MR images is primarily achieved 
through magnetic fi eld gradients. These gradients, G, are 
spatially varying magnetic fi elds whose strength increases 
linearly with position along a given direction and are 
applied in addition to the uniform B0 fi eld that is present 
at baseline. For example, when an x-axis gradient Gx is 
applied, the total magnetic fi eld strength is slightly weaker 
on one side of the imaging volume (�x locations) and 
stronger on the other (�x locations) (Figure 18.8). Because 
the Larmor precession frequency is directly proportional 
to magnetic fi eld strength, the result is that signal from one 

side of the patient oscillates at slightly slower frequencies 
than signal from the other side of the patient.

All of these signal components are simultaneously 
detected in the surrounding coil, but may be separated into 
the individual frequency components through use of the 
Fourier transform. The amount of signal oscillating at a given 
frequency corresponds to the amount of magnetization pre-
cessing at the corresponding magnetic fi eld strength, which 
determines the spatial location of that magnetization along 
the gradient direction. In this way, magnetic fi eld gradients 
create a mapping of frequency to position, a property which 
is crucial to MR image formation.

k-space
The concept of frequency-to-position mapping pro-

duced by magnetic fi eld gradients is most intuitive in a sin-
gle dimension, but is more challenging to conceptualize 
in multidimensional images. The ‘k-space’ formalism is a 
convenient way to describe gradient encoding along one or 
more dimensions.

Magnetic Field Gradients, Spatial Frequencies and 
k-space

As magnetic fi eld gradients establish different preces-
sion frequencies across the imaging volume, evolution in 
a gradient over a specifi ed time creates a spatial distribu-
tion of magnetization that varies along the gradient direc-
tion. Greater amounts of evolution in the gradient produce 
progressively tighter spatial oscillations across the patient, 
or oscillations of progressively higher ‘spatial frequency’ 
(Figure 18.9A).

The basic tenet of Fourier transform mathematics 
is that any given shape may be defi ned as an appropriate 
combination of spatially oscillating distributions. k-space 
tabulates the contributions of these spatial frequency com-
ponents. It is the mathematical domain in which MRI sig-
nal is collected and is in fact related to the actual image by 
means of Fourier transformation.

Each data point of collected signal occupies a particu-
lar location in k-space and contains information about 
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FIG. 18.7. Immediately following the 180º inversion pulse, all 
of the equilibrium magnetization has been fl ipped to the �z – axis. 
The longitudinal magnetization recovers from �z to �z at the char-
acteristic T1 relaxation rates of the different tissues. Appropriate 
selection of τ eliminates subsequent signal production from water 
in FLAIR images and from fat in STIR images.
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FIG. 18.8. In the presence of the magnetic fi eld gradient, 
magnetic fi eld strength B varies linearly with position. As a result, 
corresponding precession frequencies vary linearly with position.



the corresponding spatial frequency of magnetization dis-
tributed across the imaging volume. The k � 0 data point 
represents magnetization uniformly distributed across the 
imaging volume. The k � �1 data points describe distri-
butions of magnetization with a single cycle of oscillation 
from one end of the imaging volume to the other, k � �2 
with two cycles of oscillation, and so on (Figure 18.9B). 
A complete set of these data points specifi es the amount 
of each spatial frequency component and uniquely deter-
mines the true spatial map of magnetization. This k-space 
‘map’ of spatial-frequencies is converted via the Fourier 
transform to the ‘spatial domain’ to produce the image.

Each spatial frequency component is interrogated by 
creating the appropriate spatial oscillation via increasing 
intervals or ‘steps’ of gradient evolution. In practice, this 
may be done by allowing evolution for longer time intervals 
under a gradient of fi xed strength – the ‘frequency encod-
ing’ approach (Figure 18.9C), or by producing evolution for 
a fi xed time interval under gradients of increasing strength – 
the ‘phase encoding’ approach (Figure 18.9D). The signal 
produced by each gradient evolution step refl ects the size 
of the corresponding spatial frequency component and 
‘fi lls’ the corresponding k-space position.

Frequency Encoding
During the signal collection phase of the pulse 

sequence, a frequency-encoding gradient or ‘readout’ gra-
dient is applied. This gradient maps precession frequency 
to spatial position. Fourier transformation decomposes 
the collected signal into its component frequencies, whose 
magnitudes correspond to the amount of magnetization at 
each position, and yield a one-dimensional image.

In the k-space description, gradient evolution ‘steps’ 
are defi ned by successive time intervals under a readout 
gradient of fi xed strength. Each associated signal data point 
fi lls the corresponding k-space position (Figure 18.10). 
All of the data points needed to fi ll the complete ‘line’ of 
k-space may be acquired after a single RF pulse and Fourier 
transformation yields a one-dimensional image.

Phase Encoding
Phase encoding is used to encode spatial information 

in the second dimension and uses a gradient along an axis 
perpendicular to the frequency encoding direction. Unlike 
frequency encoding, ‘phase-encoding steps’ are achieved 
via stepwise changes in the strength of the phase-encoding 
gradient, with the evolution interval remaining fi xed (see 
Figure 18.10).

Phase encoding is otherwise entirely analogous to fre-
quency encoding, as each encoding step provides informa-
tion about a different spatial frequency component and fi lls 
the corresponding position in k-space.

Each phase encoding evolution step must be per-
formed after a new RF pulse, which requires numerous 
repetitions of the pulse sequence building block in order to 
collect all of the required signal data. Data collected after 
a full set of frequency and phase encoding steps then fi lls 
a full plane of k-space, which may be Fourier transformed 
into a two-dimensional image.

Slice Selection
In order to spatially encode the third dimension, a ‘slice 

selection’ step is often employed, in which the RF pulses 
are applied in the presence of a slice-selection magnetic 
fi eld gradient. The RF pulses contain an adjustable range of 
frequencies. As discussed in the section on radiofrequency 
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FIG. 18.9. (A) Creation of spatial distributions via gradi-
ent evolution. Relative to the center position, rightward mag-
netizations precess at increasing clockwise rates, leftward 
magnetization at increasing counterclockwise rates. The top row 
is a uniform distribution of magnetization prior to gradient evolu-
tion, lower rows show the spatial distribution after progressive 
steps of gradient evolution. (B) Corresponding spatial distribu-
tions and k-space values. (C) and (D) Equivalent gradient evolu-
tion steps: (C) frequency encoding approach, with fi xed gradient 
strength and increasing evolution time intervals; (D) phase encod-
ing approach, with fi xed evolution times, but increasing gradient 
strengths.
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FIG. 18.10. Spatial encoding technique combining frequency 
and phase encoding. Signal collected during each frequency 
encoding gradient fi lls a horizontal line in k-space (straight 
arrows). Each phase encoding gradient step toggles to the next 
vertical k-space position (curved arrows). After a complete set of 
phase encode steps, a full plane of k-space data is fi lled, allowing 
2D image reconstruction.
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energy and resonance, the RF excitation frequency must 
match the spin precession frequency in order to tilt mag-
netization into the transverse plane. As a result, each RF 
pulse only excites spins with a matching range of preces-
sion frequencies, which corresponds to a predictable range 
of locations along the gradient direction (Figure 18.11).

Expanded Pulse Sequence Diagram and 2D Versus 
3D Imaging Techniques

Figure 18.12 contains a simplifi ed schematic pulse 
sequence diagram for two-dimensional imaging, in which 
slice selection, phase encoding and frequency encoding 
extract spatial information along each of the three perpen-
dicular axes. For each slice selection step, in-plane spa-
tial encoding is performed with a combination of phase 

and frequency encoding. Each slice requires a full set of 
phase encoding steps, each of which in turn requires its 
own TR.

It is primarily this need to repeat numerous excitations 
with different slice-selection and phase-encoding steps that 
accounts for the lengthy scan times of MRI (although in 
reality data acquisition from different slices may be inter-
leaved to save some time).

Rather than performing slice selection as above, three-
dimensional imaging techniques instead add an additional 
nested phase-encoding cycle to spatially encode the third 
dimension, again requiring repetition through multiple 
excitations.

Echoes
In actual practice, it is generally necessary to acquire 

signal data from both positive and negative sides of k-space. 
In order to do this, data are collected during symmetric 
‘echoes’, with the center point of the echo corresponding to 
k � 0. There are two general techniques to do this, called, 
respectively, spin echo and gradient echo.

Spin Echoes
Spin echoes are formed by placing a 180º pulse in the 

center of the TE time (left out of the pulse sequence dia-
grams for simplicity). This additional 180º pulse has the 
effect of refocusing any dephasing of transverse magnetiza-
tion caused by persistent magnetic fi eld inhomogeneities 
as discussed above. The result is an echo height determined 
by T2 rather than T2*, which not only produces greater sig-
nal strength, but also better refl ects intrinsic tissue proper-
ties. A commonly used analogy is to visualize runners on a 
track, who run in one direction for TE/2 before the sound 
of a whistle (the 180º pulse) causes them all to reverse 
directions but to maintain their individual speeds. After 
the second TE/2, they all rejoin one another in an ‘echo’ at the 
starting line before again beginning to ‘de-phase’ around 
the track in the other direction.

Gradient Echoes
Gradient echoes do not use any additional RF pulses 

during TE. Instead, the strength of the frequency encod-
ing readout gradient is reversed to form an echo. The track 
runner analogy to a gradient echo is that after running for a 
length of time, the whistle (the gradient reversal) causes the 
fastest and slowest runners each to adopt the other’s pre-
vious running speed. After an equivalent time interval, the 
two again meet, coming momentarily back ‘in phase’ with 
one another.

Because fi xed magnetic fi eld inhomogeneities are not 
corrected by gradient echo sequences, such sequences are 
more prone to susceptibility effects. These may be intended, 
as with use of gradient echo sequences to improve 
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FIG. 18.11. Slice selection. The position of the slice is deter-
mined by the center frequency of the RF pulse and the slope of the 
magnetic fi eld gradient, while the slice thickness is determined by 
the range of frequencies in the RF pulse and by the slope of the 
gradient.
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FIG. 18.12. Schematic two-dimensional imaging pulse sequence 
diagram (several practical details omitted). The slice-selection gradi-
ent is applied during the RF pulses. The phase encoding gradients 
step in amplitude during successive TR repetitions. The frequency 
encoding gradients are applied during signal readout.
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detectability of subtle foci of hemorrhage, or undesired, 
in the form of susceptibility artifacts arising from dental 
or surgical metal, or from air/tissue interfaces in diffusion 
weighted images.

CONCLUSION
This chapter has introduced many of the key concep-

tual underpinnings of MRI physics. Several good references 

contain extensive sections that expand further upon these 
crucial concepts and typical imaging methods [1–4]. A basic 
understanding of these principles is vital to a fi rm grasp of 
clinical MR image content and forms the foundation for 
understanding more advanced MR imaging techniques.
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DIFFUSION-WEIGHTED IMAGING (DWI)

Introduction
DWI contrast refl ects the mean distances traveled dur-

ing the pulse sequence by free water protons in tissue due 
to Brownian motion – distances of the order of 10 microns. 
Diffusivity is characterized by the ‘apparent diffusion coef-
fi cient’ (ADC), a scalar parameter with units of mm2/s [1]. 
Intracellular organelles and membranes result in an intra-
cellular water diffusion path length that is an order of mag-
nitude shorter than the diffusion path length of extracellular 
water. For this reason, the fraction of each voxel comprised of 
extracellular space, known as the extracellular volume frac-
tion (ECF), is the primary determinant of ADC in that voxel.

Because routine DWI is produced from a T2*-weighted 
spin-echo echoplanar (SE-EPI) sequence with diffusion sen-
sitization gradients added before and after the 180º pulse, the 
contrast refl ects susceptibility weighting and T2-weighting 
as well as diffusion weighting. The magnitude and timing 
of each of the three roughly orthogonal diffusion sensitiza-
tion gradients determines the degree of diffusion weighting, 
expressed in terms of a ‘b-value’ with units of s2/mm. In cur-
rent practice, b-values of 1000 s2/mm are most common. In 
order to separate the contributions of diffusion weighting 
and of T2 weighting to the observed signal intensity (SI) on 
DWI images, ADC maps are calculated from the DWI and 
from an image set acquired with the diffusion gradient mag-
nitude set to zero (B0). Although b-values of 1500–2500 may 
allow more accurate estimates of cellularity, the lower sig-
nal-to-noise ratio (SNR), increased sensitivity to artifact and 
longer scan time associated with these stronger gradient set-
tings have kept them from widespread clinical use [2].

Differential Diagnosis, Grading, Monitoring of 
Progression and Response

Very low ADC in the viscous contents of epider-
moid cysts and abscesses can be used to distinguish these 
lesions from arachnoid cyst, tumefactive demyelination 

and necrotic tumor with accuracy greater than 90% [3–6]. 
Vasogenic edema and necrosis decrease net cellularity and 
thus increase ADC, whereas highly cellular tumors (primitive 
neuroectodermal tumor (PNET), glioblastoma multiforme 
(GBM), meningioma, lymphoma, metastases) increase cel-
lularity, thus lowering ADC. Low ADC in an intra-axial lesion 
should suggest lymphoma or metastasis and, in a peripheral 
lesion, meningioma or dural metastasis more likely than 
glioma but, because low ADC is seen in a small number of 
glioblastoma, correlation with other advanced and con-
ventional neuroimaging data is required for reliable clinical 
interpretation [7–11].

Minimum ADC (ADCmin) correlates well with histo-
logic measures of tumor cellularity in high- and low-grade 
glioma, lymphoma, medulloblastoma, meningioma and 
metastases, among other tumors [7,12–16]. ADCmin below 
a threshold of 1.7–2.5 can contribute to the distinction 
of high-grade from low-grade glioma [17,18], but overlap 
between tumor grades makes correlation with other MRI 
data mandatory [10,17,19,20]. Wide variations in ADCmin 
and cellularity among GBM is likely in part due to variable 
necrosis, hemorrhage and calcifi cation, but also may also 
refl ect genotypic heterogeneity since these measures corre-
late well with radiation responsiveness [21,22]. Conversely, 
ADC cannot be used to distinguish accurately typical from 
atypical meningioma, since variation in cellularity between 
individual tumors is greater than the difference between 
the groups [15]. In the postoperative patient, low ADC at 
the resection margin or in the cavity can alter management 
by suggesting ischemia or abscess, respectively, when con-
ventional MR sequences exclude artifact from hematoma 
and are consistent with these diagnoses [23,24]. Because 
increases or decreases in ADC from baseline are sensitive 
markers of cytoreductive response to radiation therapy 
(XRT)/chemotherapy or recurrence respectively, functional 
diffusion mapping (fDM) and other means of presenting 
longitudinal DWI data are under development (Figures 19.1 
and 19.2) [13,14,25–29].
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DWI sequences have been adapted to perform diffu-
sion tensor imaging (DTI) by acquiring data in six or more 
directions. This yields suffi cient data to defi ne fully a 3D ten-
sor (vector) matrix describing the direction and magnitude 

of water diffusion in each voxel. Increasing the number of 
diffusion gradient directions allows more precise estima-
tion of the preferred direction of water diffusion. The degree 
to which water diffuses faster in one direction than another 

FIG. 19.1. Increasing ADC suggestive of 
decreasing cellularity in patient whose spec-
troscopy is presented in Figure 19.5 supports 
the impression that the enlargement of the Gd 
enhancing lesion is due to radiation necrosis 
rather than tumor recurrence.

FIG. 19.2. Post-Gd T1WI 
(left), DWI (center) and ADC 
(right) at baseline (top row) and 
after one month of chemoradia-
tion (bottom row) demonstrate 
marked decrease in cellular-
ity which, despite unchanged 
enhancement, suggests good 
therapeutic response.
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within a given voxel is referred to as the degree of anisotropy 
and can be characterized by a large number of derived scalar 
measures, the most commonly used of which is called ‘frac-
tional anisotropy’ (FA) [30,31]. FA and other anisotropy meas-
ures refl ect the existence of tissue microstructures – such
as myelinated axonal bundles – and physiologic processes –
such as axonal transport – that facilitate the diffusion of 
water in one or more directions and hinder it in other direc-
tions. DTI data can be used to generate a voxel-by-voxel map 
of anisotropy and of other scalar measures and to produce a 
map depicting the principal diffusion direction in each voxel 
as a vector superimposed on the anatomic image.

DTI for Preoperative Assessment, Surgical 
Guidance and Follow-up

Numerous mathematical ‘tractography’ algorithms have 
been published that connect the principal direction or 
directions of preferred water diffusion in each voxel to 
those of neighboring voxels to trace out 3D curves depicting 
the major white matter (WM) tracts in the brain.  In normal 
white matter the high anisotropy produced by the tightly 
bundled myelin sheaths of the major tracts allows reliable 
tractography. Although more technically challenging, the 
depiction of eloquent WM tracts infi ltrated and displaced 
by tumor has been shown to be useful in surgical planning 
and in prediction of postoperative dysfunction related to 
WM tract injury [32–36].

Initial experience suggests that DTI can contribute to 
the assessment of WM microinvasion by infi ltrating glioma 
and thus assist in differentiating tumor recurrence from radi-
ation necrosis, edema and gliosis [32,37,38,39,40]. Although 
published attempts to use FA and related anisotropy meas-
ures clinically to defi ne the margin of glioma WM infi ltration 
and to distinguish vasogenic edema around metastases from 
tumor infi ltration around glioma have not been uniformly 
successful [22,38,41–46], work continues on a number of 
more promising and sophisticated analyses of white matter 
microstructure such as the ‘fi ber coherence index’ [47].

MRS
1H0 MR spectroscopy (MRS) is essentially proton NMR 

spectroscopy modifi ed by use of point resolved spin echo 
(PRESS) or stimulated echo (STEAM) based anatomic locali-
zation schemes performed on standard MRI systems. PRESS 
produces higher SNR and fewer artifacts, but cannot be per-
formed at very short echo time (TE), so both sequences are 
in widespread use. Simultaneous localization of MRS from 
multiple voxels to increase spatial resolution is called mag-
netic resonance spectroscopic imaging (MRSI) or chemical 
shift imaging (CSI). At clinical scanner fi eld strengths (1–2 
orders of magnitude lower than analytic NMR spectrom-
eters), employing standard chemical shift selective (CHESS) 
suppression of more than 99.99% of the free water pro-
ton signal (needed because the metabolites of interest are 
present in concentration four to fi ve orders of magnitude 

lower than water), with localization of MRSI data to 1 cm3 
voxels, the available SNR is so low that current MRSI tech-
niques require long acquisition times (more than 10 minutes 
in some cases) and are thus very sensitive to patient motion 
and other artifacts. Single voxel spectroscopy (SVS) of large 
regions of interest (ROI) is less time-consuming but yields 
far fewer useful data, since the large voxels may contain a 
mixture of necrotic tumor, high-grade tumor, low-grade 
tumor and surrounding brain tissue, so technical develop-
ment of faster 3D-MRSI techniques with greater anatomic 
coverage and smaller voxel sizes continues [48–53].

1H0 MRS and NMR separate signals from chemically 
distinct hydrogen protons based on the slightly different 
‘chemical shift’ of each 1H0 resonant frequency due to dif-
ferences in the charge density of the surrounding covalent 
electron-bond cloud. The resulting 1H0 MR spectrum is 
graphed with the SI of each distinct species on the y-axis 
expressed in arbitrary units (AU) and the chemical shift of 
each species on the x-axis expressed in parts per million 
(ppm) of the resonant-frequency tetramethylsilane (TMS) 
protons. The use of ppm rather than Hz produces spectra 
that are similar regardless of scanner fi eld strength. Because 
the SI detected from each 1H0 species depends on a host of 
technical factors that vary from scan to scan, peak areas vary 
by 20% between serial scans even under ideal conditions [54]. 
Absolute quantitation of metabolite concentrations is gener-
ally reserved for the laboratory [55] and, instead, clinical spec-
tra are presented scaled to the highest peak in the spectrum.

Because peak height is subject to less measurement error 
than peak area, clinical interpretation focuses on ratios of 
peak heights in the area of interest relative to each other and 
to normal-appearing voxels in the contralateral brain. The 
main peaks of interest in brain tumor MRS are: branched-
chain amino acids (AA: 0.9–1.0 ppm); lipid (Lip: 0.9–1.5 ppm); 
lactate (Lac: 1.3 ppm); alanine (Ala: 1.5 ppm); n-acetyl aspar-
tate (NAA: 2.0 ppm); choline (Cho: 3.2 ppm); creatine (Cr: 
3.0 ppm and 3.9 ppm); and myo-inositol (mI: 3.6 ppm). The 
two creatine peaks and the broad Lip and AA peaks refl ect 
the presence of multiple non-equivalent proton species 
in these molecules. Occasionally, when defi nite resolution 
of the overlapping AA, Lac and Lip peaks is clinically impor-
tant, combinations of short (�45 ms), intermediate (130–
140 ms) and/or long (270–280 ms) echo times are used to 
differentiate them based on the phase difference of AA, Lac 
and Ala with respect to Lip, NAA, Cr and Cho.

NAA, found only in neurons, is involved in lipid metab-
olism, nitrogen balance, neuronal-glial signaling and energy 
metabolism, among other processes. NAA varies in con-
centration with anatomic region and patient age and is 
decreased by all processes that impair neuronal function 
or kill neurons, including tumor, necrosis, demyelination, 
ischemia, neurodegeneration, etc. [56–58]. Creatine, an 
important high-energy phosphate buffer substrate for crea-
tine kinase (CK), has an important role in maintaining vital 
cellular levels of ATP [59]. Because Cr varies in concentration 
with anatomic region, diet and pathophysiology, great care 



is needed when using it as an internal reference for evalu-
ating other peak heights [60]. Cho-containing compounds 
play a key role in biosynthesis of phosphatidylcholine, other 
membrane lipids and acetyl choline. Brain Cho concentra-
tion varies with anatomic region, and dietary choline intake 
is very useful as a marker of cell-membrane synthesis and 
degradation in glial growth, injury and repair [61,62]. In con-
trast to Cr, NAA and Cho peaks present in normal brain spec-
tra, Lip is only observed in disease states producing frank 
necrosis or partial volume averaging of fat in scalp, mar-
row, lipoma or teratoma. Lac, observed as a doublet in MRSI 
because of J-coupling between its protons, is present only in 
disease states producing anaerobic glycolysis. Because the 
lipid and lactate peaks are often observed together in patho-
logic processes producing anaerobic metabolism together 
with frank necrosis, distinction of the two is often diagnosti-
cally unimportant, in which case the term ‘Lip-Lac’ is used 
to refer to both overlapping peaks.

Because of the distinct T2s of Cr (150–160 ms), Cho 
(240–250 ms) and NAA (250–300 ms), different fractions of 
the total signal from each metabolite will have decayed at 
a given echo time and so both relative and absolute peak 
heights will vary considerably with TE. In addition, the T2 of 
these metabolites varies with their anatomic location [58,63], 
so careful reference to normal spectra acquired in the same 
anatomic location at the same TE are required to interpret 
spectroscopy correctly. The T2 of mI, among other metabo-
lites including glutamate and glucose, is so short that short 
TE spectroscopy (by convention, less than 35 ms) is required 
to detect it.

MRS in Differential Diagnosis, Grading, 
Surgical Planning and Follow-up

Because Cho concentrations are increased by glial 
membrane injury in ischemia and demyelination and by 
glial division in gliosis and glial neoplasia, high Cho may be 
seen in the spectra of a wide variety of pathologic lesions. 
Similarly, demyelination, ischemia and glioma all injure neu-
rons and decrease NAA. Finally, ischemia and neoplasia both 
may produce Lac and Lip since anaerobic glycolysis and cel-
lular necrosis occur in both pathophysiologies. Predictably, 
numerous studies have demonstrated that MRS is of no sig-
nifi cant benefi t in differential diagnosis of brain tumor from 
non-neoplastic brain lesions [64– 67]. The only major excep-
tion to this rule is the use of MRS in rim-enhancing lesions 
to distinguish bacterial abscess and parasitic cyst from 
necrotic tumor by demonstrating the presence of AA in the 
cystic contents. Because AA represent lysosomal breakdown 
products their detection implies the presence of activated 
polymorphonuclear leukocytes (PMN), a fi nding nearly 
pathognomonic of infection [4,68].

MRS has a similarly limited value for differentiating glial 
from non-glial neoplasms since both meningioma, which 
contain no neurons, and necrotic GBM, in which the neu-
rons have died, produce very high Cho and little or no NAA. 
Although some meningioma have very high concentrations 

of Ala, up to 80% of them contain only low levels similar to 
the concentrations detected in metastases and schwannoma. 
Finally, MRS has no role in the differentiation of metastasis 
from GBM, since both may have high Cho, low or no NAA 
and may have prominent Lac and Lip [69].

Although not useful in differential diagnosis, MRS esti-
mation of the Cho/NAA ratio (CNR) is valuable for preop-
erative estimation of the grade of known or suspected 
glioma, since Cho increases and NAA decreases in propor-
tion to increasing tumor grade from Gr I to Gr III. Although 
frequent necrosis in Gr IV glioma makes GBM CNR some-
what variable, either a CNR greater than 1.5 or the presence 
of Lac/Lip should suggest a Gr IV lesion [18,70–74]. Because 
the high blood volume observed in all grades of oligoden-
droglioma makes prediction of oligodendroglioma grade by 
perfusion unreliable, MRS remains especially useful in grad-
ing this glioma subtype [75–78]. MRS may also be more use-
ful than perfusion in areas where radiation necrosis mixed 
with recurrent tumor lowers the apparent blood volume, but 
this remains to be proven [79]. Similarly, whole brain NAA 
(WBNAA) and CH2/CH3 ratios in normal-appearing brain 
have been proposed as alternative ways to measure glioma 
WM infi ltration, but these measure have not yet been clini-
cally validated (Figures 19.3 and 19.4) [80,81].

MRS targeting of foci with high CNR improves the 
accuracy of biopsy by reducing false negatives and under-
grading and it has been used to guide radiosurgery and 
resection [82–86].

MRS in Assessment of Treatment Response
Because both recurrent GBM and radiation necrosis 

may produce Lac/Lip, high Cho and low NAA, MRS per-
formed at a single time point is not useful in glioma follow-
up, except in foci where fl orid necrosis produces a complete 
absence of all metabolites [87]. Longitudinal CNR decrease 
(suggesting necrosis) or increase (suggesting recurrence) 
over time has been demonstrated to be much more use-
ful when performed by groups with the resources to apply 
consistently meticulous technical acquisition and post-
processing standards to produce reliable data integrated with 
diffusion, perfusion and anatomic imaging [83,85,88–90]. 
However, outside a handful of major laboratories, the expe-
rience in routine clinical practice using currently-available 
hardware and software is quite disappointing, because the 
temporal variation in metabolite concentrations on sequen-
tial scans is often far smaller than the variations in spectra 
due to changes in voxel location, differences in acquisition 
parameters, scalp lipid averaging, susceptibility artifacts 
and other technical factors. In essence, reliable MRSI glioma 
follow-up can only be achieved when staffi ng and scan time 
are suffi cient to allow a trained technical spectroscopy spe-
cialist to monitor each individual MRS scan under the direct 
supervision of the interpreting radiologist. This is impossi-
ble to achieve at most centers because MRS is currently not 
reimbursed and so the associated personnel and scanner-
time costs of performing it are prohibitive (Figure 19.5).
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MICROVASCULAR IMAGING IN BRAIN 
TUMORS: PMR AND T1P

Imaging of tumor neovasculature directly assesses sev-
eral of the cardinal features of high-grade glioma of great 

importance in assessment and monitoring of patients tak-
ing angiogenesis inhibitors. While much active investiga-
tion focuses on more advanced techniques, such as fi rst 
pass permeability estimation, arterial spin labeling (ASL) 

FIG. 19.3. Intermediate TE (144 ms) SV-
MRS of anaplastic oligoastrocytoma reveals 
CNR �4 and prominent lactate peak consist-
ent with high grade glioma.

FIG. 19.4. Extremely high Cho peak and 
CNR in oligodendroglioma suggest high 
WHO grade. MRS is preferred for grading 
of oligodendroglioma because the elevated 
rCBV seen in all grades makes perfusion MR 
grading less reliable.



and vascular morphologic imaging, these techniques have 
not been validated suffi ciently for routine clinical use. Thus 
this discussion will focus on the widely accepted use of 
susceptibility-weighted fi rst-pass techniques (PMR) to esti-
mate blood volume and of T1-weighted techniques (T1P) to 
estimate capillary permeability.

PMR
Because the signal change exploited by PMR results 

from the susceptibility effect of a concentrated intravascu-
lar bolus of paramagnetic Gd contrast agent, production of 
reliable PMR maps requires high-pressure power injection 
through an 18–20 gauge antecubital IV catheter of  a high 
contrast dose (typically 0.2 mmol/kg or twice the standard 
dose) at a high rate (typically 4 ml/s or higher). The data 
acquisition typically consists of a single-shot echoplanar 
(ssEPI or EPI) sequence covering the whole brain every 1–2 
seconds which is repeated continuously for 40–60 seconds, 
starting about 10 seconds before the arrival of the bolus 
in the brain and ending 10–20 seconds after recirculation 
of the fi rst pass of contrast agent. Among EPI sequences, 
SE-EPI remains the gold standard, despite the slightly higher 
contrast requirements of this sequence, because of its con-
trast sensitivity to 1–2 micron neovessels and its lower sen-
sitivity to the susceptibility artifacts that remain a signifi cant 
limitation of PMR [91,92]. Post-processing of the time-series 
data yields a time-signal intensity curve (TIC) for each voxel 
from which the relative capillary blood volume (rCBV) in 
the voxel can be derived by integrating the area under the 
signal intensity curve during the passage of the contrast 
bolus. rCBV is displayed as a rainbow color map, windowed 
by convention to display high gray matter (GM) rCBV in 
red and lower white matter (WM) rCBV in blue. These data 
are supplemented by inspection of TIC in the ROI within 
the lesion and a corresponding equally-sized ROI within 

normal-appearing (ideally, contralateral) brain and, when 
needed, calculation of relative rCBV (rrCBV) ratios between 
the two ROI [93]. Overlaying these maps on higher resolu-
tion anatomic images is critical for interpretation because, 
despite ongoing work to develop faster and higher resolu-
tion methods [92,94], the limit of resolution of clinical PMR 
using commercial hardware and software remains 2–4 mm 
in-plane voxel dimensions, 5–10 mm sections and 1–2 s tem-
poral resolution.

PMR in Diagnosis, Grading, Operative Planning 
and Follow-up

Visual inspection of TIC and source images are essen-
tial for interpretation because the effect of patient motion, 
susceptibility, SNR, bolus rate and timing and partial-
volume averaging artifacts cannot be assessed from color 
maps alone. Because the arterial input function is diffi cult to 
estimate accurately from signal loss techniques such as Gd 
bolus imaging, clinically available rCBV maps remain quali-
tative, rather than quantitative. Nevertheless, knowledge 
that the normal CBV of GM is approximately two to three 
times that of WM [95,96] allows effective clinical interpreta-
tion of tumor rCBV maps, since a maximum tumor rCBV two 
to three times that of normal-appearing WM (NAWM) has 
been demonstrated to be a strong predictor of the presence 
of high grade glioma [97,98]. Thus, correctly thresholded and 
windowed rCBV maps, corroborated by inspection of ROI, 
TIC and rrCBV ratios, that show tumor blood volume similar 
to or higher than normal-appearing GM are strongly predic-
tive of hypervascular and thus high-grade glioma. Low-grade 
tumor rCBV, on the other hand, tends to be less than or equal 
to that of NAWM. Focal areas of rCBV intermediate between 
NAWM and GM deserve careful attention to TIC, rrCBV 
ratios, prior comparison PMR and close interval follow-up. 
In all cases, comparison of rCBV maps to prior maps in order 

FIG 19.5 Despite the enlargement 
of the area of abnormal enhance-
ment following chemoradiation, serial 
TE � 144 ms SV-MRS showing disappear-
ance of choline and dramatic increase in 
lipid suggests radiation necrosis. Note 
that the presence of lactate, seen as a 
small inverted doublet on the earlier (left) 
spectrum, can no longer be assessed on 
the later spectrum (right) because of the 
dominant overlapping lipid peak.

M I C R O VA S C U L A R  I M A G I N G  I N  B R A I N  T U M O R S :  P M R  A N D  T 1 P  •  141



142 C H A P T E R  1 9  •  A D VA N C E D  M R  T E C H N I Q U E S  I N  C L I N I C A L  B R A I N  T U M O R  I M A G I N G

to detect longitudinal change and correlation of rCBV with 
independent advanced data and anatomic MR images is 
critical (Figure 19.6).

Inspection of TIC, as required for reliable interpreta-
tion, also allows detection of signifi cant fi rst-pass contrast 
leakage that violates the central volume theorem assump-
tion of a non-diffusible tracer [99] and complicates calcula-
tion of CBV [100]. Although multiple curve fi tting algorithms 
[101–106] have been reported to address this, standard com-
mercial curve integration software still relies on simple inter-
polated and constant baseline methods. Since the former 
will systematically underestimate, and the latter systemati-
cally overestimate, CBV in high permeability lesions, inspec-
tion of both may be necessary in highly permeable lesions. 
While the GBM neovessel blood–brain barrier (BBB) is often 
impaired and may produce a TIC which returns as little as 
half way to baseline, detection of very high fi rst pass leak 
with minimal or no return to baseline on lesion TIC should 
suggest a non-glial tumor such as meningioma, choroid 
plexus papilloma, metastases, or lymphoma, since capillaries 
within these lesions have essentially no BBB [105,107,108]. 
When interpreted in the context of DWI and conventional 
imaging, this visual TIC analysis can be quite useful in help-
ing to distinguish such lesions from GBM and oligodendro-
glioma. In a rim-enhancing lesion, peripheral rCBV less than 
or equal to that of the surrounding white matter should sug-
gest the possibility of abscess and indicates a need for care-
ful correlation with DWI, MRS and anatomic images [5]. The 
usefulness of rCBV to distinguish glioma from metastases 
remains undefi ned. Published data shows that the rCBV of 

metastases varies with the vascularity of the primary tumor 
in a range overlapping that of GBM, but it is unclear how 
this applies to standard SE-EPI techniques [109–112]. Thus, 
although DWI and MRS remain the primary advanced tech-
niques for differentiating abscess from cystic metastasis, 
SE-EPI PMR demonstration of peripheral high rCBV argues 
against abscess. In a solid enhancing intra-axial lesion, 
SE-EPI demonstration of low rCBV should suggest consid-
eration of lymphoma or metastasis [10,107]. In a cortical or 
subcortical lesion with conventional imaging features sug-
gestive of focal circumscribed low-grade glioma, demonstra-
tion of rCBV greater than or equal to GM strongly suggests 
oligodendroglioma (Figures 19.7 and 19.8).

Because ‘chicken-wire’ capillaries produce high rCBV in 
all grades of oligodendroglioma, MRS should be performed 
in grading of such lesions [75–78]. In astrocytoma, on the 
other hand, rCBVmax is a strong predictor of grade, and 
rCBV greater than that of normal GM should raise concern 
for GBM, in which mean rCBVmax values are often four to 
six times those of WM [98,113–118]. This strong correlation 
also forms the basis for the demonstrated effi cacy of rCBV 
maps in targeting the high-grade areas of heterogeneous 
glioma for biopsy, ablation, or resection [118–120].

Pronounced variation of rCBV within and between 
patients makes it essential to obtain baseline PMR data 
using equivalent techniques if PMR is to be used in assessing 
treatment response [119]. After chemoradiation of glioma, 
increasing rCBV within an area of abnormal enhancement 
or T2 prolongation suggests recurrence, whereas low rCBV, 
especially when correlated with increasing ADC, suggests 

FIG. 19.6. Perfusion MR of this astro-
cytoma reveals rCBV higher than corti-
cal GM at the periphery and just outside 
of the area of abnormal enhancement 
(upper right), but lower blood volume 
in the center and inferior portion of the 
lesion (lower right).  This information 
about the heterogeneous spatial distribu-
tion of high-grade tumor can be useful 
in preventing false negative or under-
graded biopsy results and in directing 
focal resection or ablation to areas of 
unsuspected hypervascular glioma.



radiation necrosis [27,121–123]. Good correlation between 
rCBV and expression of pro-angiogenic cytokines suggests 
that this will remain an important method of follow-up in 
the era of angiogenesis inhibition [115]. The pronounced 
effect of steroids on vascular permeability in glioma and 

the diffi culty of completely deconvolving permeability from 
blood volume with current techniques may explain the 
mixed conclusions reached by studies examining the effects 
of steroid dose on CBV, and certainly suggests attention to 
steroid dosing during follow-up at present [124–126].

FIG. 19.7. Although the intermediate 
ADC of this enhancing lesion does not 
indicate suffi ciently high cellularity to 
be defi nitive, the spin echo echoplanar 
perfusion imaging fi ndings are charac-
teristic of meningioma. The time-inten-
sity curve (TIC) within the lesion (purple 
curve) demonstrates near complete leak 
of contrast during fi rst pass consistent 
with a lesion of non-glial origin and both 
the TIC and rCBV color map (left) dem-
onstrate very high blood volume com-
pared to a reference ROI (green curve).

FIG. 19.8. rCBV color map (upper 
left) demonstrates lower blood volume 
in the right basal ganglia lesion region 
of interest than in the contralateral ana-
tomically appropriate left basal ganglia 
region of interest. In this prominently 
enhancing solitary right basal ganglia 
periventricular lesion (lower left) this PMR 
is suggestive of CNS lymphoma. The rel-
atively little fi rst pass leak seen in the TIC 
(right) in this lesion may be due to prior 
high dose steroid therapy.
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T1P
Because increasing secretion of pro-angiogenic factors 

correlates with tumor grade, both permeability of co-opted 
native capillaries and formation of fenestrated neocapil-
laries increases with tumor grade [127]. These different 
degrees of abnormal permeability are diffi cult to differen-
tiate on delayed post-Gd T1-weighted imaging (Gd-T1WI), 
likely accounting for its imperfect performance in distin-
guishing low- and high-grade glioma [128].

Dynamic Gd-enhanced T1-weighted permeability 
imaging (T1P), a semiquantitative dynamic adaptation 
of Gd-T1WI, allows a much more sensitive assessment of 
microvessel permeability by acquiring data continuously 
throughout the fi rst few passes of Gd recirculation. Serial 
fast Gd-T1WI, usually acquired with radiofrequency spoiled 
gradient echo (SPGR) technique, is performed continuously 
throughout the fi rst 2–5 minutes after bolus Gd injection. 
TIC calculated in T1P imaging demonstrate an increase in 
available signal – due to Gd augmentation of the T1 relaxa-
tion rate of adjacent water protons – that is far more easily 
quantifi able than the signal loss seen in DSC PMR. Because 
the TIC refl ects several passes through the brain at a some-
what lower temporal resolution than PMR, curve fi tting, 
deconvolution of the initial fi rst-pass effect and one- or two-
compartment pharmacokinetic modeling must be applied to 
calculate parameters that reliably refl ect the degree of BBB 
impairment. The most widely used parameters are derived 
from the slope of the delayed plateau phase of the TIC. When 
appropriately corrected for fi rst-pass effects, T2* effects and 

large vessel concentrations, this slope should provide a good 
estimate of the net forward volume transfer constant (Ktrans), 
refl ecting the net rate of passage of Gd from the intravascular 
space to the extravascular extracellular space. The validity of 
the assumptions underlying the mathematics of Ktrans calcu-
lation depend heavily on the repetition time (TR) and TE of 
the sequence, since Gd has T2 and T2* shortening as well as 
T1 shortening effects. T1 mapping can be performed prior to 
T1P in order to allow better quantitation, if required by the 
pulse sequence parameters and analysis employed. Even 
so, the rate of Gd diffusion across the BBB depends on vari-
able CBF, variable intravascular Gd concentration, capillary 
surface area (which is abnormal in neocapillaries) and pres-
sure gradients across the BBB that result from a combina-
tion of tumor interstitial oncotic pressure and intravascular 
and tissue hydrostatic pressure, as well as BBB permeabil-
ity. Thus, although in general the T1 method described here 
is far less controversial than more-recently reported T2*-
based fi rst-pass methods, the calculation of a true Ktrans is 
not trivial. Because controversy persists over the degree to 
which parameters calculated from T1P refl ect pure Ktrans or 
an admixture of Ktrans with CBF, surface area and other fac-
tors, and over the relative advantages of Ktrans versus other 
compound metrics such as permeability surface area (Kps), 
the term ‘measures of permeability’ is used below in order to 
recognize that most of the large variety of published delayed 
phase measures depend heavily, but not exclusively, on 
Ktrans. In addition, a number of measures refl ecting aspects 
of permeability dynamics other than the slope of the delayed 

FIG. 19.9. Despite differences in 
windowing and slice registration, a 4 
week follow-up permeability Kps map 
(right) superimposed on post-Gd T1WI 
demonstrates increasing permeability 
(similar to systemic scalp capillaries) in 
the rapidly expanding lateral aspect of 
the left temporal recurrent high-grade 
glioma. This type of data holds promise 
for distinguishing recurrent tumor from 
necrosis, but clinical validation and rou-
tine application await improvements in 
post-processing and display technique 
to achieve practical longitudinally com-
parable maps. (Post-processing software 
courtesy Timothy Roberts PhD, Children’s 
Hospital of Philadelphia.)



phase have been devised in the quest for a practical, repro-
ducible and informative metric, including the maximum rate 
of enhancement during the fi rst pass (max dI/dt, rR, etc.) 
[129–132]. It seems likely that these two types of metrics 
each refl ect different aspects of the underlying endothelial 
abnormality.

T1P in Diagnosis, Grading and Follow-up
Assuming reliable T1P technique, increasing perme-

ability correlates well with increasing tumor grade [129,131–
134]. Although some reports suggest that rCBV may be 
slightly more predictive, the two measures are independent 
but strongly correlated in high-grade glioma, suggesting that 
some combination of both may prove ideal [97,135,136]. 
Like rCBV, T1P can be used to aid the differentiation of 
recurrent glioma from radiation necrosis [130,133], but 
it is much less widely used due to a combination of imag-
ing time, profusion of reported permeability measures and 
lack of robust and user-friendly post-processing software. 
As these technical needs are answered over the next few 
years, T1P will likely become a signifi cant clinical tool 
(Figures 19.9 and 19.10).

CONCLUSION
The techniques discussed above can produce data on 

brain tumor cellularity, tissue invasion, metabolism and 
microvasculature that, when appropriately integrated with 
anatomic MRI in a multidimensional brain tumor imaging 
protocol, can contribute signifi cantly to differential diagno-
sis, estimation of tumor grade, planning of biopsy and focal 
resection/ablation and therapeutic monitoring. Meticulous 
attention to acquisition and post-processing technique, 
reference to source images and graphical data and compar-
ison with identically-acquired preoperative baseline and 
serial follow-up data are essential for the safe and effec-
tive clinical use of all of these techniques. Although space 
limitations have prevented more than a cursory allusion 
to the potential pitfalls of advanced imaging, the impor-
tance of integrating all available advanced MRI data and 
interpreting them in the context of the anatomic imaging 
should be clear. Similarly, now that such a wealth of tumor-
specifi c information is available, the importance of cor-
relation with accurate history regarding tumor histology, 
radiation therapy, steroid administration and cytotoxic and 
anti-angiogenic chemotherapy cannot be overstated.
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INTRODUCTION
New contrast agents and new ideas for their use in 

magnetic resonance imaging (MRI) continue to be explored 
and developed and there are several reviews available [1–4]. 
Tagging plasma proteins with paramagnetic moieties [5–7] 
as ‘blood pool’ agents, labeling stem cells with superpara-
magnetic nanoparticles for tracking their migration in 
vivo [8–10], targeting cell surface receptors with specially 
designed paramagnetic probes [11], achieving paramag-
netic probes which can be ‘activated’ in response to spe-
cifi c in vivo conditions such as pH or temperature [12], 
and even loading tumors with gadolinium-based agents 
for enhancing the effectiveness of neutron capture therapy 
[13] are all fascinating works in progress at this time. Some 
of these methods may achieve useful clinical status while 
some will remain exclusively research tools. Our goal here 
is not to describe these developments or attempt to pre-
dict the future utility of any approach, but rather to focus 
on the current status of the MRI contrast agents in clinical 
use. These are the low molecular weight (600–800 dalton) 
gadolinium (Gd) complexes that have been used on a daily 
basis in neuroradiological exams for nearly two decades. 
We briefl y review the safety aspects, relaxation properties, 
biodistributions and the established clinical and research 
applications associated with the use of these ‘garden vari-
ety’ MRI contrast agents in neuroradiology.

The chemical and physical aspects of the common 
gadolinium-based MRI contrast agents, safety, biodistribu-
tions and relaxation effects have been well-documented 
[14–19] and there is an enormous body of literature regard-
ing their application in neuroradiological MR examinations. 
Essentially there are three approved Gd contrast agents, 
each prepared at 500 mM Gd/kg concentration, currently in 
use in the USA [16]. The practical differences between these 
three agents are marginal. Their on-label uses, found in the 
package inserts, are similar. As pointed out by Runge and 
Knopp [20], however, package insert information for the 
same product can differ widely depending on the country 

in which the product is sold. In neuroradiological MRI 
examinations, venous injection of some 20 ml of the agent, 
typically resulting in in vivo concentrations of approxi-
mately 0.1 mM/kg, is routine. Power injectors for controlled 
bolus injections at rates from 1 to 10 ml/s are in common 
use and are recommended when using the agent for ‘fi rst 
pass perfusion’ studies in the brain (see below).

SAFETY
The clinically established MRI contrast agents are 

all based on the magnetic properties of the gadolinium 
(III) ion (Gd���) which shortens the T1 and T2 relaxation 
times of water molecules with which the ion comes in con-
tact or in close proximity. Gadolinium (III) is toxic and so 
must be trapped within a molecular cage, or ‘chelated’ so 
that it can be safely excreted from the body [16]. Though 
many Gd complexes have been created and tested [14], 
the three agents approved by the US Food and Drug 
Administration (FDA) and most commonly used in the USA 
are ProHance (gadoteridol, Bracco Diagnostics, Princeton, 
NJ), Omniscan (gadodiamide, Amersham Health, Princeton, 
NJ) and Magnevist (gadopentatate dimeglumine, Berlex 
Laboratories, Wayne, NJ). Omniscan and ProHance are 
both non-ionic while Magnevist is an ionic compound. In 
the healthy human body, excretion through the kidneys 
occurs with half-lives on the order of 90 minutes – nearly 
500 times shorter than free Gd [16]. The minor concern 
associated with Gd complexes administered intravenously 
is that other ions, such as zinc or copper, can displace the 
Gd ion from its ‘cage’. Thus, the longer half-lives of the com-
plexes in patients with renal insuffi ciencies or increased 
copper levels, as in patients with Wilson’s disease, have 
raised concerns, though clinical manifestations of Gd toxic-
ity in such patient populations have not been established 
[16]. Common dose levels of 0.1 mM Gd/kg, administered 
intravenously, appear to be well tolerated with triple dos-
ing and repeat administration on a monthly basis, yield-
ing no apparent toxicity problems [18]. Lethal dose levels 
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(LD50) for rodents are greater than 6 mM/kg, some 20 to 
60 times higher than the doses administered clinically 
[19]. Intrathecal administration is considered dangerous 
[20–22]. Rare adverse reactions to clinical doses in humans, 
less than 5% [16], include hives, emesis, nausea, headache, 
irritation or hot/cool sensations at the injection site and, 
very rarely, hypocalcemia reactions [23,24]. It is generally 
understood that the standard gadolinium-based contrast 
agents are safer than iodinated contrast agents used for CT. 
Of course, from an environmental perspective, the admin-
istration of millions of doses of labile Gd contrast agents 
to patients is ultimately a signifi cant source of heavy metal 
pollution, affecting fi rst sewerage and then groundwater 
[25]. As such, this aspect of Gd contrast agent use, which 
tends to be very little discussed, should probably be con-
sidered when truly pondering the overall effects of these 
agents on the many varied species inhabiting our planet.

RELAXATION EFFECTS: WHY THE FOCUS 
ON T1 AND NOT T2?

The classic radiological sign associated with venous 
administration of a Gd agent is signal enhancement on 
T1-weighted images so that T1-weighted sequences, both 
gradient and spin-echo, are traditionally employed to query 
the effects of the agent. The Gd complex causes a reduction 
in T1 that is related to the concentration of the agent in any 
given voxel. The size of the T1 reduction is related to the 
T1-relaxivity of the agent. The relaxivity refers to the slope of 
the relaxation rate, R1 � 1/T1, versus mM Gd concentration, 
and is on the order of 5 s�1/mM Gd, as measured in water or 
plasma, for the common Gd agents [14,15]. Of course, there 
are also T2-reductions associated with the T2-relaxivities. The 
T2-relaxivities are slightly higher than the T1-relaxivities,
on the order of 6–7 s�1/mM Gd and, in fact, Gd-related 
T2-shortening generally works against the T1-related signal 
enhancement. In typical T1-weighted imaging sequences 
with short echo times (TEs) and short repetition times 
(TRs), however, the dominant effect is from the T1 change 
and it is fairly straightforward to see why. Consider a typical 
tissue T1 value which, in the absence of Gd, is on the order of
1 s, or equivalently a non-enhanced relaxation rate, R1�1/T1,
of 1 s�1. At a tissue concentration of 0.1 mM Gd/kg, some 
0.5 s�1 (relaxivity � mM Gd) is added to the native relaxa-
tion rate so that the Gd-associated R1 becomes 1.5 s�1, 
yielding a T1 of 667 ms. This translates to a substantial 33% 
decrease in T1. Typical T2 and R2 � 1/T2 values in brain 
parenchyma are on the order of 80 ms and 12.5 s�1, respec-
tively. Adding the 0.6 s�1 associated with a 0.1 mM Gd con-
centration to the native T2 relaxation rate yields only a 4% 
decrease in T2, from 80 ms to 77 ms. Thus, the T2 effect from 
Gd is generally negligible compared to T1 changes, though 
T2-darkening of signal can be found in regions of high Gd con-
centration, such as the renal medulla, as the Gd complexes 
are extracted from the blood via the kidneys. Finally, when 

reporting results from ‘routine’ clinical studies of, for exam-
ple, magnetic resonance spectroscopy or diffusion imaging, 
it is prudent to include information regarding whether the 
exams were performed before or after the administration of 
Gd contrast, as these can confound interpretations (26).

BIODISTRIBUTION AND APPLICATIONS: 
CLINICAL AND RESEARCH

Following intravenous injection, the Gd contrast agents 
distribute themselves fi rst through the vasculature and then, 
with the exception of neural tissue with an intact blood–
brain barrier (BBB), throughout the extracellular space. 
Neither the ionic nor non-ionic Gd agents currently in use 
cross cell membranes. The wash-in phase to the extracellu-
lar (extravascular but not intracellular, sometimes referred 
to as ‘interstital’) space is followed by a wash-out phase as 
the Gd agents are cleared from the blood by the kidneys and, 
by extension, from the extracellular spaces back to the blood 
for renal excretion. Neural tissue is special in regard to these 
Gd agents in that an intact BBB truly minimizes the effect of 
the agent in typical T1-weighted scans. For example, Steen 
et al measured T1 in normal-appearing gray and white mat-
ter of brain tumor patients before and after injection of 
gadodiamide [27]. They found T1 reductions of less than 2% 
in the normal brain tissues despite obvious T1 reductions 
(signal enhancement) in the tumors. Aronen et al measured 
T1 in brain tumors pre- and post- 0.1 mM/kg and 0.2 mM/
kg injections of Gd contrast and reported T1 reductions on 
the order of 50% in the tumors with only marginal effects on 
gray and white matter T1 values [28]. Thus, the intact BBB 
is a key factor in how Gd agents affect brain signal intensity 
on T1-weighted images. Even with an intact BBB, however, 
so-called T2* effects are observable when the agent fi rst 
appears at full strength in the brain vasculature. This effect 
can be gainfully employed for ‘fi rst pass’ perfusion studies 
as discussed below, following a brief review of the standard 
post-Gd T1-weighted imaging fi ndings.

TYPICAL GD CONTRAST AGENT 
ENHANCEMENT FEATURES IN CLINICAL 
PRACTICE

Fairly non-specifi c signal enhancement is observed 
in many tumors [29–31], ‘active’ multiple sclerosis lesions 
[18,32–34], infl ammation [35–38] and radiation myelopa-
thy [39–41]. To varying degrees, the use of Gd agents helps 
demarcate the extent and pattern of such pathologies 
and can make small lesions, like acoustic neuromas, more 
conspicuous. In general, however, the enhancement must 
be considered more sensitive than specifi c. Some normal 
tissues encountered in brain imaging, such as the nasal/
sinus mucosa, choroid plexus, cranial nerves, cavernous 
sinus, infundibulum and pituitary gland will also show 
varying degrees of enhancement [29,30,42–45] which will 
depend on the subject’s age. Figure 20.1 shows normal Gd 
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enhancement of the glomus of the choroid plexus, as well as 
several intracranial vessels, in a 14-year-old patient in whom 
no abnormal enhancements were otherwise observed. Con-
siderable meningeal enhancement is often observed in 
cases of low cerebrospinal fl uid (CSF) pressure and/or leaks, 
as in the case of intracranial hypotension syndrome and 
orthostatic headaches [46,47]. Subjects with diabetes [48] 
and renal failure [49,50] have shown increased Gd enhance-
ment in brain structures and other tissues naturally imaged 
when performing brain imaging, like orbital vitreous, pre-
sumably due to a compromised BBB in these areas. A full 
accounting of the numerous fi ndings associated with signal 
enhancement from the common Gd agents is impossible 
within the scope of a brief review and the references cited 
in this work are to be understood as a representative, not 
comprehensive, sample. Since the use of these agents is per-
vasive and presumably useful, the practicing MRI radiolo-
gist should become familiar with the various benefi ts and 
limitations of the information gleaned from Gd-associated 
signal enhancement, or non-enhancement, as for example 
often encountered in necrotic regions of tumor. It should 
also be taken into account that studies designed to prove 
the effi cacy of Gd contrast agent media have not been as 
rigorous as one would desire. In a critical examination of the 

literature on Gd contrast agents in neuroimaging published 
several years ago, Breslau et al concluded that although Gd 
contrast agents ‘…play an essential role in lesion detection 
and confi dence of interpretation, no rigorous studies exist 
to establish valid sensitivity and specifi city estimates for 
their application’ [51], an observation suggesting caution 
when interpreting Gd enhancement features in general.

FIRST PASS PERFUSION STUDIES AND GD 
CONTRAST AGENTS

Aside from direct signal enhancement in T1-weighted 
scans, the second most common use of Gd agents in neu-
roimaging is probably the so-called ‘fi rst pass’ perfusion 
studies in which estimates, relative and/or absolute, of cere-
bral blood volume (CBV) and cerebral blood fl ow (CBF) may 
be determined. As stated above, an intact BBB keeps Gd 
agents within the vasculature and mitigates T1 effects. The 
presence of Gd in the blood, however, causes a change in the 
magnetic susceptibility of the vessels. This in turn increases 
the susceptibility difference between brain parenchyma and 
vessels, generating microscopic magnetic fi eld gradients 
which reach beyond the vessel walls and cause dephasing 
of spins within brain parenchyma [52]. This dephasing is 
formally described as a reduction in the transverse relaxa-
tion times T2 and T2* of the extravascular protons. Since the 
Gd within the blood rapidly escapes into the extracellular 
spaces throughout the rest of the body, this dephasing effect 
is only transient and primarily observed during the ‘fi rst 
pass’ of the agent through the brain. Thus, the phenom-
enon must be accessed using the high temporal resolution 
imaging afforded by echo planar imaging (EPI) sequences. 
Typically, either gradient echo EPI sequences sensitive to 
T2* changes, or spin echo EPI sequences sensitive to T2 
changes, are used to monitor the transient dephasing dur-
ing the fi rst pass of the agent through the brain vasculature. 
These sequences allow for the acquisition of some 20 brain 
slices every 2 or 3 seconds, with data collection commenc-
ing some 10–15 seconds prior to a controlled bolus intrave-
nous injection. Data collection generally continues for up to 
2 minutes or more after injection so that the time course of 
the brain signal can be measured within each voxel at 2–3 
second intervals. What one looks for in the resulting signal 
versus time curves are ‘dips’ associated with the fi rst pass 
of the agent through the brain. The overall shape of the dip 
depends on a number of physiological parameters includ-
ing regional CBV and CBF. A thorough mathematical mod-
eling based on standard physiological models can be found 
in the literature [53,54]. In practical terms, most manu-
facturers provide post-processing image analysis tools in 
which images of the area of the dip, numerically integrated 
over operator-defi ned time periods, refl ect local CBV values 
(big dip, big CBV). They also generally provide time-to-peak 
(TTP) images and images of CBF, though the latter gener-
ally requires estimating the arterial input function from a 

FIG. 20.1. Axial T1-weighted gadolinium-enhanced image in 
a 14-year-old boy shows prominent high signal in the glomus of 
the choroid plexus bilaterally. Enhancement of intracranial vessels 
is also apparent.



conspicuous blood vessel like the middle cerebral artery 
(MCA). Though the standard Gd agents are used routinely 
for this application, a newer agent, gadobutrol, similar to 
the others but prepared at 1 M rather than the 500 mM Gd 
concentration and approved for use in Europe, may offer 
some advantages in terms of tighter boluses [55]. There 
is now a fairly large body of literature regarding the use of 
fi rst pass ‘perfusion’ methods performed with Gd agents for 
clinical applications in stroke [56–60] and tumors [61–65]. In 
stroke, it is becoming clear that fi rst pass perfusion meth-
ods can help identify the extent of ‘ischemic penumbra’ in 
relation to the infarct ‘core’ as defi ned by diffusion imag-
ing methods. This so-called ‘perfusion/diffusion mismatch’ 
may ultimately help with patient management decisions as 
recently reviewed by Gonzales [60]. In tumors, the disrup-
tion of the BBB results in leakage of the Gd into the tumor, 
a phenomenon that complicates justifi cation of some of 
the standard ‘fi rst pass’ perfusion assumptions while offer-
ing additional information regarding tumor vascularity and 
function which may prove useful in characterizing tumors 
[65]. Though the fi rst pass Gd perfusion studies based on 
T2* sequences can be used for assessing blood volume and 
fl ow dynamics; slower imaging methods, which monitor the 
T1 changes with time as Gd washes in and out of tissues, are 
also used for measuring aspects of vascular permeability 
and compartmental volumes. This topic, as yet more in the 
research as opposed to the clinical realm, is discussed fur-
ther below following a discussion of Gd contrast agents for 
magnetic resonance angiography examinations.

MAGNETIC RESONANCE ANGIOGRAPHY 
AND GD CONTRAST AGENTS

The two primary imaging methods used in MRI to high-
light blood vessels, magnetic resonance angiography (MRA), 
are the time-of-fl ight (TOF) technique and the phase contrast 
(PC) technique. To some degree, judicious use of Gd contrast 
can enhance the value of either MRA method by essentially 
allowing better visualization of the smaller distal branches 
due to the (transient) shortened T1 of blood [66–71]. With 
TOF for example, rapid radiofrequency (RF) pulsing of 
selected tissue sections serves to T1 saturate static spins 
within the section while spins fl owing into the section have 
seen none, or only a few, of the RF pulses. These spins are 
thus largely T1 unsaturated and so appear bright, allowing 
the separation of fl owing blood within vessels from the sur-
rounding tissue. The bright vessels are most often displayed 
using maximum intensity projection (MIP) algorithms to 
generate MR angiograms. TOF methods inherently utilize T1 
saturation effects so that lowering blood T1 values with Gd 
contrast helps the blood remain unsaturated, even for slow 
fl owing blood in small vessels which may experience many 
RF pulses. Similarly, phase contrast techniques, where the 
term ‘contrast’ here refers to the contrast generated by the 

phase as opposed to magnitude of the MR signal, and not to 
the ‘contrast’ associated with the Gd agent contrast mate-
rial, primarily utilize rapid gradient echo sequences whose 
signals will generally benefi t from shortened blood T1 val-
ues. Thus, at appropriate doses, Gd contrast can enhance 
the value of TOF and PC MRA, though at costs including 
enhancement of some surrounding tissues and additional 
enhancement of the venous system that can confound the 
interpretation of arterial signals which may be of greater 
interest. As both 2D and 3D TOF acquisitions have become 
faster, timing of bolus injections of Gd contrast is more and 
more often coordinated with the actual acquisitions so that 
the various phases of arterial and venous enhancement can 
be separately visualized. Figures 20.2 A–C are inverted MIP 
images from a rapid 3D TOF acquisition from a 6-year-old 

A

FIG. 20.2. Time resolved MR angiography in a 6-year-old 
female with moyamoya disease. The exam was performed one 
year after surgical revascularization with pial synangiosis. The 
pulse sequence was a 3D rapid gradient echo sequence with 
TR/TE values of 4.2/1.3 ms/ms, and basically acquired 16 slice 
3D data sets at approximately 5 s intervals for 75 s after adminis-
tration of 0.1 mM Gd contrast. The maximum intensity projection 
(MIP) images are displayed with inverted gray scale. (A) Lateral 
projection of early arterial phase showing a prominent superfi -
cial temporal artery (arrow) and middle meningeal artery (arrow-
heads). (B) Lateral projection of mid-arterial/parenchymal phase 
demonstrating numerous parenchymal branches and early fi lling 
of the sagittal sinus (arrows). (C) Lateral projection venous phase 
shows washout of the arterial structures and opacifi cation of the 
dural venous sinuses.
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DYNAMIC CONTRAST AGENT STUDIES 
FOR VASCULAR PERMEABILITY 
AND EXTRACELLULAR VOLUME 
CHARACTERIZATION

In brain tumors, active MS lesions and other patholo-
gies where a compromised BBB occurs, varying levels of 
T1-related signal enhancement will occur over time as the 
Gd washes in and then out of the tissue. Current standard of 
care generally involves documenting regions and patterns 
of enhancement on post-Gd images acquired several min-
utes (usually an unspecifi ed number of minutes) after con-
trast agent administration. This approach largely ignores the 
precise temporal course of the enhancement that, in fact, 
contains a great deal of information. In so-called dynamic 
contrast enhanced (DCE) studies, a series of T1-weighted 
images are collected over time after Gd administration in 
order to extract this information. Typically, time resolutions 
of 5 to10 seconds for several slices are achieved with rapid 
gradient echo sequences applied for several minutes. From 
such data sets, the time course of the signal changes, which 
are directly related to Gd concentrations, are recorded from 
voxels of interest. Three general features help characterize 
these signal versus time curves. These are:

1 how quickly enhancement takes place during the 
wash-in phase

2 the peak enhancement level achieved; and
3 how quickly the enhancement recedes during the 

wash-out phase.

Pharmacokinetic models, similar to the compartmen-
tal models used for nuclear medicine tracer studies [72,73], 
are used to extract information regarding aspects of abnor-
mal capillary leakage and the extravascular extracellular 
space (EES) which may be used to characterize lesions. In 
the most quantitative analyses of such studies, signal from 
a large blood vessel is used to estimate plasma Gd con-
centration which spikes rapidly to a maximum and gener-
ally follows a two phase wash-out, or bi-exponential signal 
decay, from the vasculature [74–76]. Complete modeling 
also requires a baseline measurement of the T1 value prior 
to Gd administration, as well as knowledge of the T1 relax-
ivity of the agent. Coupling these data with the basic sig-
nal versus time curve from the lesion allows one to extract 
three primary physiological parameters. These are: Ktrans, 
the volume transfer constant between plasma and the EES 
in min�1; ve, the volume fraction of the extravascular extra-
cellular space (EES) which is dimensionless and is also 
referred to as the interstitial space; and the so-called rate 
constant kep, which is the ratio Ktrans/ve. The latter rate con-
stant is the simplest to extract as it can be estimated from 
the shape of the signal versus time curve alone, while the 
other two parameters require complete measurements 
including baseline T1 values, in vivo relaxivities and plasma 
concentrations of Gd. In the limit of low permeability, Ktrans 

B

C

FIG. 20.2. (Continued)

female with moyamoya disease demonstrating how the ang-
iograms change with time following Gd administration, fi rst 
showing arterial enhancement followed by venous enhance-
ment. The use of Gd contrast agents in MRA is not necessary 
and can add to the cost and complexity of the exam but, 
when used properly, can also enhance the utility of a given 
MRA study.



may be interpreted as the product of the permeability P 
times the surface area S per unit mass of tissue and has 
units of ml g�1 min�1. Tofts et al have provided an exten-
sive discussion of the numerous symbols and units associ-
ated with the MRI based Gd dynamic contrast agent studies 
[75] which, though generally associated with T1 based sig-
nal changes, can also be adapted to T2 or T2* based stud-
ies. Despite the complexity of the modeling and the more 
demanding experimental protocols, fairly interesting and 
promising assessments of the potential for improved tissue 
characterization have been published, particularly in the 
grading and differentiation of brain tumors [61–65,77–80]. 
Such studies will no doubt continue to be assessed and 
hold signifi cant potential for characterizing elements of the 
complex vasculature and abnormal capillary permeabilities 
associated with various disease processes. In this regard, 

advanced modeling of the signal intensities from both spin 
echo and gradient echo sequences following Gd adminis-
tration has been forwarded for assessing aspects of angio-
genesis, including estimates of mean vessel size [81,82], a 
subject less well-developed than the tracer dynamic fi eld 
but of considerable interest and potential for expanded use 
of the common Gd contrast agents.

Post-script: The discussion of safety aspects for the 
common gadolinium chelates in this chapter is based on 
literature reviews performed prior to recently reported 
observations linking nephrogenic systemic fi brosis (NSF) to 
gadolinium contrast use in patients with renal insuffi ciency. 
Readers are alerted to ongoing investigations [83,84] and 
concerns expressed by the FDA [85] regarding this potential 
aspect of the toxicity of the gadolinium contrast agents cur-
rently in use.
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INTRODUCTION
Magnetic resonance imaging (MRI) has launched a 

revolution in diagnostic medicine since its introduction 
in the early 1980s. Since the beginning, it has witnessed an 
unremitting drive toward higher magnetic fi elds [1–5]. The 
primary obstacles against this drive have been magnet tech-
nology and patient safety [6,7]. The whole body scanners 
use superconducting wires wound around cylinders with 
diameters about 1 meter (m) and a length of about 2 m. The 
magnetic fi eld strength of the majority of clinical scanners 
presently is 1.5 Tesla. In the early 1990s, a few 4 T research 
whole body scanners were introduced by the major manu-
facturers and these units established the bases for a grad-
ual introduction of higher fi elds into clinical settings [1–4]. 
Today, 3 T whole body scanners are appearing in clinics and 
hospitals at a rapid rate. In 1997, an 8 T whole body scan-
ner was debuted by Ohio State University [5], whose proof 
of safe exposure of human subjects [6,7] prepared the stage 
for manufacturers to follow suit and consider the feasibil-
ity of high fi eld (HF) MRI for medical imaging. Today, more 
than twenty academic institutions and research laboratories 
around the world operate 7 T whole body scanners. This has 
changed the classifi cation of MRI scanners as low fi eld (LF), 
high fi eld (HF), or ultra high fi eld (UHF) as they have been 
transformed every decade. While as early as last decade a 3 T 
scanner was considered to be a UHF magnet for research, 
today this fi eld strength is viewed simply as high fi eld for 
clinical applications and low fi eld or medium fi eld strength 
for research applications. And 7 T and higher fi eld scan-
ners, which were considered ultra high fi eld at their debut, 
are now simply considered to be HF scanners. Such rapid 
change in taxonomy and proliferation of HF technology was 
achieved due to the feasibility and stringent safety work that 
was demonstrated by the 8 T scanner. Another byproduct of 
this rapid increase in the number of HF scanners is the inter-
est of many scientists and engineers in its potential leading 
to developments such as parallel imaging in hardware [8,9], 

diffusion tensor imaging (DTI) in pulses sequences and 
molecular imaging in the area of contrast agents.

In this review, we present a summary of the physics of 
MRI, in which the advantages of HF MRI are identifi ed. In 
addition, the inevitable disadvantages are described, and 
opportunities for engineering innovations for their mini-
mization or elimination are surveyed. Considering that 
HF scanners are approaching the limits of existing super-
conducting materials’ tolerance for magnetic fl ux, ways 
of understanding these limits and working with or around 
them are also illustrated.

MAGNETIC RESONANCE IMAGING 
PHYSICS

In order to better understand the role of the latest 
developments in enhancing sensitivity and specifi city of 
MRI in augmenting its diagnostic capabilities, a brief review 
of the process of signal generation by magnetic resonance 
is necessary. The underlying process in this technique 
is nuclear magnetization, which all elements in nature 
exhibit. Hydrogen (1H) is the most abundant element in 
biological tissues that has a large gyromagnetic ratio (γ). γ 
represents the nuclear magnetic dipole (µ) and its rotational 
dynamic that governs the ways which individual µ’s from 
spin and orbital motion of different protons and neutrons 
add to constitute nuclear magnetic moment, ultimately 
causing a detectable signal from outside the body [10]. All 
elements with odd numbers of protons or neutrons in their 
nucleus have a non-zero angular momentum and magnetic 
moment. In this regard, 1H is a unique element with the 
smallest odd number of protons. By the same token, other 
nuclei with odd number nucleons (protons and neutrons) 
exhibit intrinsic magnetic moment which is the result-
ant of individual magnetic moments. In the same manner 
that tiny magnetic moments (fi elds) of the nucleons of an 
individual nucleus add to make up the elemental µ such 
as µ (1H), the magnetic fi elds generated by each atom of a 
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nucleus within an imaging voxel add to make up the mag-
netization vector associated with that voxel.

Upon exposure of an object to a strong static magnetic 
fi eld (B0), it interacts with the spin motion splitting their 
randomly distributed population into two groups of paral-
lel (N�) and antiparallel (N�) protons with respect to the 
direction of B0. The population difference between the two 
groups is governed by the Boltzman distribution function:
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N
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∆

where ∆E � /2�hγB0/2�, T is the room temperature 
and k is the Boltzman constant (1.38 * 10�23J/K).

For 1H with a γ � 42.575 MHz/T a fi eld strength of 
B0 � 1 T will split the 1H population with two groups whose 
energies are ∆E � 2.82 � 10�26 Joules (J) apart. Considering 
that human MRI is performed at room temperature, 
kT � 4.01 � 10�21 J or about 25 meV, the ratio of ∆E/kT 
becomes an infi nitesimally small number, of the order 
of �10�6. For such a small number, exponential terms on 
the right side of the equation could be approximated by 
�1 � ∆E/kT or expressed in terms of the excess proton or 
population difference of ∆N � N� � N� which, for such 
fi elds and temperatures, amounts to a ∆N/N of 3 parts per 
million (ppm). This simple analysis implies that a magnetic 
fi eld of 1 T will divide every group of 1 million water mole-
cules, with 2 million hydrogen atoms, into two almost equal 
groups of about 1 000 000 � 2 hydrogen atoms. In other 
words, population difference caused by a 1 T magnetic 
fi eld amounts to only 3 more parallel protons (N�) than 
antiparallel ones (N�). This tiny population difference for 
such a relatively large external fi eld is the reason for MRI’s 
insensitivity. Were it possible to probe every hydrogen atom 
of the water molecules within the body, signal-to-noise 
ratio (SNR) of MRI would have been more than 100 000 
times stronger. Such increase in SNR would have easily 
placed cellular and even molecular imaging within the 
reach of clinical magnets operating at 1.5 T. But this is not 
the case, and we had to work around this inherent insen-
sitivity of MRI. So, once again, resorting to HF remains the 
only way to increase SNR.

On the other hand, given the high concentration 
of water in the body, each 1 µl or 1 mm3 of biological 
tissues contains about 1015 excess protons, ∆N. Such a 
population of uncompensated protons will generate an 
SNR �10 compared to the background noise. This is the 
reason why, in spite of the NMR insensitivity, we can still 
generate images representing voxels of �1 µl. But, not 
much smaller! This warrants a discussion on how HF MRI 
can be further sensitized to become a cancer-specifi c 
diagnostic imaging tool. Following, we will discuss the 
principles of operation of critical technologies in HF MRI 
and those areas of highest potential for increasing MRI 

sensitivity towards the limits needed to visualize pre-ang-
iogenic tumor pathology [11].

MRI OF BRAIN TUMORS – STATE OF 
THE ART

In spite of the availability of whole body HF scanners 
for a decade, few applications in cancer have surfaced to 
date [12,13]. Aside from the HF, the state of the art in brain 
tumor imaging is incorporation of fast techniques and 
new contrast agents in visualizing the tumor. Yet, for most 
tumors and their metastases, the current state of the art in 
clinical MRI is unable to detect the tumor until after it has 
developed neovasculature [14]. While the ability for visu-
alization of microstructures by clinical scanners based on 
the indigenous contrast of deoxyhemoglobin is low, admin-
istration of contrast agents in animals have shown some 
promising results. Reliable vascular density quantifi cation 
by contrast agents will help make routine MRI a better indi-
cator of tumor activity. Correlations between microvascular 
density and cell proliferation in human glioma found by 
imunohistochemical methods underlines the signifi cance 
of such imaging capability for human cerebral gliomas [14]. 
This also emphasizes the signifi cance of HF in vivo detec-
tion of microvessels of about 100 µm diameter which can 
not be easily detected by 1.5 T scanners.

INDIRECT MEASURE OF PATHOLOGY
The primary collateral damage of cancer to brain tis-

sues detectable by routine MRI are edema and hemorrhage. 
Also, due to the ability of diffusion imaging at 1.5 T to distin-
guish fi ber structures, such techniques can be used to detect 
any damage to myelinated axons. But, besides these indirect 
measures of tumor etiology, clinical MRI lacks specifi city 
for prediction of underlying pathology or histologic grade 
of tumors. So, one mission for MRI could be enhancement 
of such specifi city. In therapeutics, MRI could develop into 
a tool to make a distinction between tumor recurrence and 
consequences of radiation therapy, such as tumor necrosis. 
Presently, all means for assessment of tumor activity offered 
by MRI, such as vascular, metabolic and physiological, are 
indirect. Metabolic quantifi cation offered by magnetic reso-
nance spectroscopy (MRS) enables measurement of choline 
which is a good marker of membrane turnover that could 
precede the formation of necrotic lesions. High resolution 
1H MRS will provide a measure of this activity. MRI studies 
to date have visualized brain tumors in contrast with nor-
mal tissues. The mechanism of signal generation in MRI has 
not been proven to correlate with the underlying pathology 
of cancer, although consequences of cancer, such as break-
down of the blood–brain barrier (BBB), necrosis, hemor-
rhage, edema and infl ammation, have MRI implications 
that have been used in the past for visualization of tumors. 
However, correlation between these measures and clinical 
manifestations of the disease has not yet been established.
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A DIRECT MEASURE OF PATHOLOGY
The ideal feature in MRI for cancer studies would be an 

ability to monitor directly the pathologic processes associ-
ated with cancer. Imaging techniques could be sensitized 
for particular structural or physiological characteristics 
which best represent a particular pathology. In cancer, ang-
iogenesis lends itself well to MRI optimizations for can-
cer imaging. For example, routine MRI operating at 1.5 T 
has come a long way since its early days in imaging brain 
tumors. Today’s 1.5 T images have higher SNR, contrast 
to noise ratio (CNR) and fewer artifacts than their earlier 
counterparts. This level of progress has enabled clinicians 
to use spectroscopy, perfusion, DTI, and soon functional 
magnetic resonance imaging (fMRI), at 1.5 T as approved 
tools of medical diagnosis. But, in spite of these many 
innovations to improve the quality of images and speed 
up acquisition, the underlying insensitivity of MRI has 
prevented this modality from being able directly to detect 
tumors at their inception, based on its etiology and not 
collateral consequences. Beyond the HF increase of SNR, 
affi liated technologies such as radiofrequency (RF) coils, 
pulse sequences and gradient technology have reached the 
level of maturity that engineering and safety limits allow. 
Further enhancement in MRI ability of tumor detection 
requires extension of its reach into microscopic aspects of 
tissue architecture. One active area for sensitization of MRI 
to cancer pathology is with application of contrast agents. 
A new class of contrast enhancing agents with the abil-
ity to target directly pathological sites has raised hopes for 
achieving molecular level detection of cancer with whole 
body MRI scanners. When this happens, it will amount to a 
second revolution in diagnostic imaging, the fi rst being the 
appearance of MRI as a routine radiological device.

HOW MRI COMPARES WITH OTHER 
IMAGING TECHNIQUES

One of the major disadvantages of MRI is its long 
acquisition time compared to optical imaging, computer 
assisted tomography (CT) and positron emission tomog-
raphy (PET). But all of these other techniques are beset by 
diffi culties of their own. CT scanning involves the use of 
ionizing radiation. Optical imaging suffers from very small 
penetration depth within the human body. PET images can 
only be produced at low resolution (5 mm) and are invasive. 
MR images produce a high soft tissue contrast at a high res-
olution. But the primary contrast mechanisms are magneti-
zation relaxation times, T1 and T2. Considering that T1s are 
of the order of 1 second and T2s of 0.1 second, and spatial 
encoding of the resonant spins requires phase encoding in 
at least one dimension of a 2D image, the acquisition times 
become long, on the order of 5 minutes per pulse sequence. 
Since its inception, MRI has constantly witnessed faster 
imaging sequences to deal with this drawback. Imaging 
in steady-state, single shot excitation techniques such as 

echoplanar imaging (EPI), multiple refocusing techniques 
such as fast spin echo (FSE), etc. have considerably reduced 
imaging time, but not down to real time yet.

HIGH FIELD IMAGING: PROS AND CONS
In assessing the role of HF MRI for cancer, the underly-

ing pathology should be kept in perspective. Existing imag-
ing techniques have been proven to be insensitive for the 
detection of most tumors or their metastases at their early 
stages. Subsequent to tumor neovascularization, MRI can 
use the contrast generated by the presence of extra para-
magnetic enhancement to visualize neovasculature or other 
concurring or ensuing events such as edema. Dependence 
of 1.5 T MRI on collateral events such as edema for visuali-
zation of tumors has set a ceiling for the utility of this tool 
for non-invasive monitoring of the progression of the dis-
ease and therapeutic effi cacy. This is why the search for 
techniques capable of accessing the microstructure of the 
brain tissues is at full throttle. Few alternatives are available 
to sensitize MR to cancer pathology at a microscopic level. 
High magnetic fi eld (B0) is one such option, representing 
the ultimate limit on the SNR of images. SNR is directly pro-
portional to B0 and is the primary determinant of the image 
resolution [15,16]. HF MRI is also critically dependent on 
RF coil technology and gradient design. Particularly, RF 
plays an important role on the quality of HF images. This 
issue and ways of improving it are analyzed in this chapter. 
Improvement of the image quality to the extent of micro-
scopic resolution in MRI is a signifi cant goal for cancer and 
must be rigorously pursued. In this regard, while advan-
tages of HF MRI in its application to cancer are well known 
[17], the disadvantages and challenges in materializing its 
goals must also be fully scrutinized. Understanding of these 
challenges will translate them into engineering topics for 
research that will ultimately help improve the technology 
and sharpen its usefulness [18].

HIGH RESOLUTION IMAGING
In further enhancing the visibility of cancer pathology 

to HF MRI, the visualization of the normal tissues and the 
etiology of cancer must be considered. The most striking 
aspect of images published by HF whole body MRI scan-
ners provide evidence that acquisition of microscopic res-
olution from the human body within clinically acceptable 
time is possible, as shown in Figure 21.1. Such resolution 
is achieved [17] while staying within regulatory guidelines 
concerning RF power deposition and gradient switching. 
In addition, each pulse sequence has an RF energy associ-
ated with it which is a function of sequence parameters. 
These sequence parameters could be adjusted to prevent 
most sequences from posing a safety hazard at high fi eld 
strengths [7]. For example, gradient echo (GRE) contains 
less RF energy than does spin echo. This makes it ideal for 
high fi eld applications. This is particularly true, since GRE 



has high sensitivity for the detection of microvasculature, 
such as capillaries and venules [17]. The high paramag-
netic effect produced by deoxyhemoglobin will generate an 
inhomogeneous magnetic fi eld in the near vicinity of these 
vessels, causing rapid dephasing in pressesional coherence, 
i.e. drastically reducing T2*. Such a dephasing effect is a 
function of the magnetic fi eld, giving rise to a more strik-
ing signature for these vessels at higher fi elds as is shown 
in Figures 21.1 and 21.2. At HF, GRE gains additional sen-
sitivity that is particularly useful for visualization of neo-
vasculature around and within the tumor. While 100 µm 
resolution images of the whole head from an awake subject 
is possible, in the absence of ultrafast techniques, acquisi-
tion of these images is long. However, given the prevalence 
of 200–300 µm vessels in most brain tumors, GRE could 
be further sensitized routinely to detect neovasculature 
in vivo. This aspect of HF MRI lends itself to the develop-
ment of new non-invasive tools for monitoring tumor 
progression and identifying and validating biological end-
points whereby novel anti-angiogenesis agents can be 
more rapidly evaluated regarding their angiostatic effi cacy 
and clinical relevance. Other sequences have the potential 

for cancer specifi c enhancement. These include diffusion-
based images and spectroscopic techniques. While diffusion 
as a thermally induced process is not fi eld dependent, the 
high SNR of high fi eld will generate a high contrast to noise 
ratio (CNR) that enhances conspicuity of the diffusion-
modifying pathology. Edema, in particular, has a strong 
diffusion signature. Even with diffusion-weighted imag-
ing (DWI) and a spatial resolution of 250 � 250 � 1000 µm, 
images of regional morphological and functional heteroge-
neity in the tumor could be obtained at HF. This resolution, 
however, is not suffi cient to resolve the microvasculature. 
Reports of sequences visualizing cortical microanatomy 
in brain samples have shown a contrast superior to any 
clinical imaging techniques that rival histology [18]. Others 
have been able to optimize resolution of 3 T scanners to 
observe cortical layers in human brain [19]. Observation 
of multilaminar structures in the cortical gray matter is 
a milestone in in vivo detection of brain microstructures 
and they can be clearly seen in images from today’s HF 
scanners. While high SNR in HF MRI has already found 
many applications, its help in cancer diagnosis and therapy 
has not been immediate. But it holds promises that should 
be further explored, while considering other means of 
image enhancement, such as data acquisition, RF coils, 
relaxation effects, susceptibility contrast and contrast 

FIG. 21.1. A sagittal GRE image of a human brain at 8 T. A 
number of artifacts appear on this image including (A) strong sig-
nal void due to the tissue–air interface in the prefrontal cortex 
around the sinuses and orbitals; (B) loss of all tissues in the oral 
cavity; (C) RF ripple artifact originating from multiple fl ip angle, 
the off-center placement of the head in the coil causing signal 
loss in posterior region and inadequate insertion of the head in 
the coil subjecting the lower portion of the image to inhomogene-
ous B1 causing strong distortion in tissue representation.

FIG. 21.2. An axial GRE image of a brain tumor at 8 T. Distinct 
features are (A) high SNR as translated into 200 µm in-plane reso-
lution; (B) bright center or dielectric resonances; (C) no signal from 
the skull due to its short T2* and high susceptibility; (D) horizon-
tal striped artifacts due to a repetitive motion caused by pulsatile 
motions in the disproportionate amount of CSF within the slice 
plane.
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agents. Innovations in these areas, just within the short 
time since the 8 T debut, have made great strides in making 
HF scanners a viable investment in radiology. Scientists are 
actually designing experiments with their 7 T whole body 
scanners that were inconceivable with clinical imaging at 
1.5 T. Development of MR microscopy (MRM) for in vivo 
application neuroimaging has the potential to produce 
results that would correlate the clinical defi cit with pres-
ence or absence of different types of tumors. Development 
of in vivo human MRM with a 50–100 µm resolution is not 
far from reach and will further inform tumor studies. Our 
ability to routinely acquire images with a 200 µm resolution 
have set the stage for further innovations in lesion micro-
scopy [17]. In vivo human MRM will be the precursor to 
in vivo human cellular imaging. The technical issues on 
the path to full realization of in vivo MRM are presently the 
subject of many engineering studies in MRI.

MAGNETIC SUSCEPTIBILITY
Inhomogeneity of living tissues combined with com-

partmentalized organs and cavities introduce a challenge 
in MRI. This is due to the necessity in MRI for a highly 
homogeneous magnetic fi eld at the imaged site. This strin-
gent homogeneity requirement, i.e. about 0.1 ppm/cm, is 
the primary reason for the size and price of the MRI mag-
nets. Tissue heterogeneity modifi es B0 homogeneity and 
must be compensated for by shimming schemes, pulse 
sequence design, or post-processing. In humans, tissue 
contents vary from solid to gaseous and various consisten-
cies of liquid in between. This drastic variation in consist-
encies has profound contrast implications, particularly on 
HF MRI images due to magnetic susceptibility (χ) effects 
on magnetization (M) of tissue within each voxel. As B0 � 
µ0(1 � χ)H, where M � χH, µ0 is the permeability of air, and 
H is the magnetic fl ux, variation of χ causes change in B0 
which deteriorates B0 homogeneity over the sample. In spite 
of the fact that susceptibility causes loss of signal, an accu-
rate account of its magnitude could enable counter meas-
ures to minimize its adverse effects and enable one to use its 
T2* contrast potentials to their advantage [20]. At high fi eld, 
susceptibility induced T2* effects could be used as a source 
of contrast to achieve very high resolution to enhance MRI 
images to the limit of microscopy. While magnetic suscep-
tibility causes artifacts causing signal loss in brain near air-
fi lled sinuses, the T2*-based gradient recalled echo (GRE) 
sequence has shown much potential on high resolution 
images at 7 T and higher. GRE uses a gradient reversal to 
rephrase the transverse magnetization (M) in contrast 
to spin echo (SE) sequence that uses a 180º RF pulse [21,22]. 
As gradients are unable to rephrase the dephasing caused 
by local susceptibility-induced inhomogeneities, the het-
erogeneous nature of the tissues drastically reduces the 
T2* at high fi eld making it suitable for microstructure 
depiction. The 8 T GRE images [14,17] made the case for 

the utility of GRE in neurology applications, such as brain 
tumor studies, by highlighting its unique capability in 
showing microvasculature. However, GRE images bear tes-
timony to artifacts that go beyond voxel point spread func-
tion as seen in Figures 21.1 and 21.3. Any large source of 
magnetic susceptibility will cast a large dark shadow on the 
images. Susceptibility-induced artifacts due to sinuses, ves-
tibular tube or dental fi llings are particularly pronounced 
at HF and could wipe out signal in a large portion of the 
image. GRE artifacts can also lower the effi ciency of fat 
suppression as fat and water resonances are only 3.5 ppm 
apart. Susceptibility could also have a detrimental effect on 
diffusion-based contrasts such as diffusion weighted imag-
ing (DWI), apparent diffusion constant (ADC) and diffusion 
tensor imaging (DTI). The effect of magnetic susceptibility 
on diffusion is due to diffusion theory assumption that sig-
nal loss from various molecules is a function of their state 
of motion alone. Magnetic susceptibility and its variation 
across the sample add complications to this picture that 
should be taken into account for diffusion image interpre-
tation. The initial studies at 8 T highlighted the contrast 
between strong T2* of GRE and T2 of SE by investigating 
the feasibility of fast spin echo (FSE) sequences, such as 
rapid acquisition by relaxation enhancement (RARE) [23]. 
The use of FSE sequences was viewed with caution for HF 

FIG. 21.3. An axial GRE view of a human head image 
acquired at 8 T. This image has a strong dielectric resonance at 
the central regions and a strong susceptibility source inferior to 
the slice location. The susceptibility inhomogeneity caused in the 
inferior regions of this slice extends over a large region including 
superior occipital gyrus, calcarine sulcus and fusiform gyrus.



applications due to their high RF power content caused by 
RF refocusing. But the ability of FSE for suppression of T2* 
mechanism, thereby increasing SNR and enabling the use 
of T2 mechanism for brain studies, provided motivation for 
investigation into the health and feasibility consequences 
of their use at HF [6,7,23,24].

As was mentioned above, the T2* could also be used 
as a source of contrast. Such is the case in blood oxygen 
level dependent (BOLD) mechanisms that generate a T2*-
based change in SNR, also called activation SNR, in func-
tional MRI studies. BOLD SNR increases proportional to 
T2* generating functional contrast in brain tissues based on 
the difference in susceptibility ∆χ of oxyhemoglobin and 
deoxy hemoglobin. Such ∆χ in tissue translates into ∆R* 
or difference in relaxativity which is a measure of hemody-
namic response function (HRF) to an external neurological 
stimulation (NS). Establishment of a mathematical rela-
tionship between HRF and NS will advance our knowledge 
of the inner workings of the brain. Such relationships could 
in turn be used as a measure of functional performance of 
the brain which could be useful in evaluation of the damage 
to brain tissue outside the visible tumor boundaries. fMRI 
maps have shown great potential for pre-surgery planning 
and refi nement of their results will strengthen the neuro-
surgeon’s hand in the process of tumor resection.

In other applications, susceptibility-induced signal 
dephasing is used to advantage. The so-called iron oxide 
based contrast agents, such as ultra small superparamag-
netic iron oxide particles (USPIO), with their ability to kill 
MRI signal in their near vicinity, are a promising candidate 
for negative contrast. In addition, gadolinium-based mol-
ecules, such as Gd-DTPA, through their ability for T1 relax-
ativity enhancement, are used as positive contrast agents. 
This means that negative agents or T2 agents cause darken-
ing of images on their sites and positive agents or T1 agents 
brighten the images in the regions where they reside. The 
role of molecular dynamics in determination of Lanthanide-
based contrast agents has given rise to simulation research 
to improve our understanding of the bonding dynamics and 
dipole–dipole interaction that will enable designing of can-
cer-specifi c contrast agents with higher detectabilities. While 
both of these classes of contrast agents, i.e. T2-reducing and 
T1-reducing contrast agents, are used as passive agents for 
detection of abnormalities of the BBB, their potential for 
active uses have found considerable interest recently [25]. 
Both USPIOs and Gd-contrast agents could also be used as 
targeted agents through conjugation with ligand mediated 
pathology-specifi c molecules such as vascular endothe-
lial growth factor (VEGF). Application of targeted molecu-
lar imaging at high fi elds has great potential that could 
be explored with HF and UHF animal magnets on animal 
models of cancer. Strong susceptibility artifacts and dipole–
dipole interactions, freedom with to use higher doses than 
known to be safe for humans have made UHF animal mag-
nets a rapidly proliferating research tool in cancer research.

STATIC MAGNETIC FIELD: SNR
The most fundamental parameter in enhancing sen-

sitivity of MRI to cancer pathology is SNR. As 8 T MRI has 
demonstrated through producing high SNR that depiction 
of microvasculature in in vivo human subjects is feasible 
(see Figures 21.1 and 21.2) Regarding its benefi ts to cancer 
research, high SNR could be used in three major areas:

1 visualization of neovasculature
2 tumor properties based contrast
3 localization and demarcation of tumor.

The fi rst application is one of the most important 
potentials of high SNR that has not yet been fully realized 
[13,14]. Enhancing the visibility of blood vessels enables a 
clearer depiction of high tortuousity, irregular vascular pat-
terns and longer vessels within and around the tumor. The 
ability to visualize and map out these features of the mass, 
in comparison with normal blood vessels and other land-
marks, could provide an independent measure of in vivo 
staging of brain tumors. High SNR’s capability for micro-
structure depiction can be used for imaging-based distinc-
tion of neovasculature from mature blood vessels. This is 
an important diagnostic capability that radiology presently 
lacks. Its availability will offer a signifi cant capability for 
anti-angiogenic therapy. Results of microvascular density 
could also be used, along with dynamic contrast enhanced 
(DCE) MRI to get an account of vascular leakiness. High 
SNR and high susceptibility have the potential in HF MRI to 
enable detection of neovasculature in a longitudinal study 
that keeps track of vascular density making them distinct 
from mature blood vessels. 8 T images have shown that sus-
ceptibility enhances the contrast between microvasculature 
and brain parenchyma to the point of visualization of sub-
voxel structures. Histopathalogic fi ndings have highlighted 
the importance of in vivo distinction between neovascula-
ture and mature blood vessels in the early stages of the dis-
ease [11]. More work is needed to show how high SNR can 
help to achieve such a distinction.

To enhance the role of SNR in brain tumor imaging 
beyond vasculature depiction, other tumor properties such 
as microstructure and physiology could be used. Ability 
to stage tumors, as is done by histologic methods, could 
be a useful role for HF MRI. High SNR will help the use of 
other tumor properties such as hypoxia and acidity to ena-
ble MRI to determine histologic type and grade in brain 
tumors non-invasively. Hypoxic mapping by BOLD con-
trast in HF MRI using echoplanar imaging (EPI) could pro-
vide an estimation of the pathophysiology of a tumor and a 
measure of therapeutic effi cacy. Acidity could be obtained 
from MRS detection of lactic peaks. At HF, higher SNR is 
combined with larger chemical shift dispersion, enabling 
spectroscopy (MRS) peaks to become both stronger and 
further from each other. Both of these HF effects contrib-
ute to a better resolution of the metabolite peaks. Chemical 
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shift imaging (CSI) maps offer measures of n-acetyl aspar-
tate (NAA), choline, creatine and lactate in the brain. High 
SNR will make more peaks accessible and measures such 
as acidity and choline content could help with the determi-
nation of malignancy. The SNR at 1.5 T is suffi cient for rela-
tive quantifi cation of metabolites like creatine/NAA, while 
high SNR could allow absolute quantifi cation of maps of all 
these metabolites at HF. Such capabilities will elevate MRI 
to a true non-invasive neuropathologic method.

The relationship between high SNR, and the ability to 
detect tumor boundaries more reliably is not clear. In gen-
eral, enhanced sensitivity will enhance the capability for 
signal modulation as a function of tissue microstructure 
and physiology. Independence of relaxation mechanisms 
in creating contrast for tumor detection from SNR, and its 
ability to detect signals from smaller voxels, increases the 
possibility of a better demarcation of the tumor bounda-
ries due to a less severe partial volume effect at the tumor 
boundaries. Furthermore, events such as increased cellular-
ity and diffuse calcifi cation have the potential for additional 
contrast generation. Both processes will become visible ear-
lier as their contribution to the determination of voxel SNR 
becomes more dependent on the fraction of voxel occupied 
by calcifi cied particles and higher cellular density.

As mentioned in the susceptibility section, small ani-
mal models could be used in UHF MRI scanners to allow 
the testing of hypothesis-driven experiments to determine 
the viability of the model to enhance tumor visibility and 
to evaluate the therapeutic effi cacy of new drugs. The high 
SNR of UHF animal scanners provides a powerful tool to 
push the boundaries of resolution towards microscopy and 
contrast-free molecular imaging. Since the results of ani-
mals studies, as well as new MRI techniques, are directly 
applicable to human scanners, they reduce the bench-to-
bed development time and offer a realistic alternative to 
research involving human subjects.

RF PENETRATION
The Larmor equation is given by ω0 � γB0, and deter-

mines the presessional frequency of a proton within a 
magnetic fi eld B0. As B0 increases, so does the rotational 
frequency of protons, ω0. Resonance effect in MRI requires 
irradiation of the subject with an electromagnetic wave of 
the same frequency as ω0 in order to defl ect proton mag-
netic moments away from B0, i.e. excitation. Considering 
the 1Hγ and the range of B0 used in clinical MRI, the fre-
quency of electromagnetic fi elds needed in MRI falls in the 
63.5 MHz (at 1.5 T) to 128 MHz (at 3 T) range, which falls 
in the RF category. For whole body research magnets, RF 
goes up to 400 MHz at 9.4 T. This range (�300 MHz) cor-
responds to the UHF band used for TV broadcasting. With 
the increase in RF frequency, the electrodynamic proper-
ties of tissues will vary proportional to ω0. Tissue conductiv-
ity is a function of frequency which increases at high fi elds 

and, as a result, increases the RF absorption by the tissue. 
This extra RF absorption requires higher power to achieve 
the same defl ection angle at HF compared to lower fi elds. 
So, RF power content of pulse sequences increases at HF. 
The electric fi eld (E or E1) associated with the RF magnetic 
fi eld (B1) that is used to excite the spins causes tissue heat-
ing [27]. Delivery of RF to a voxel occupied by a tissue of 
conductivity σ (ohm�1) and density ρ (kg/m3) requires an 
electric fi eld E1 (V/m) which will cause RF absorption or 
specifi c absorption rate (SAR(Watt/kg)) given by the equa-
tion SAR � σE2/2ρ. SAR is a standard measure of tissue 
heating and regulatory bodies such as the Food and Drug 
Administration (FDA) provide guidelines for RF limits used 
in human applications [7]. Present values for SAR sug-
gested by the FDA since July 14, 2003 stand at SAR � 3 W/
kg averaged overhead for 10 minutes. While SAR implies 
absorption of RF by the tissue in a uniform manner, RF dis-
tribution across the body parts, e.g. the human head, is by 
no means uniform. The heterogeneous nature of the bio-
logical tissues causes this non-uniformity that leads to a 
non-uniform local SAR across the head [28]. Other factors, 
such as head size and coil size, also affect the extent of non-
uniform distribution of RF within the brain [27,28]. While 
higher absorption at HF attenuates the RF penetration into 
the tissue, other properties of the human body, i.e. high 
dielectric constant, cause opposite effects as is discussed 

FIG. 21.4. A RARE image obtained with a 512 � 512 matrix 
size. This image is heavily T2 weighted with a CSF fl ow artifact 
extended along the phase encoding direction. Also seen here are 
motion artifacts and strong loss of signal in the posterior aspect 
of the slice.



in the following section [26,29]. In fact, the dielectric effects 
are so strong that they dominate the B1 distribution gen-
erating the bright center, a trade mark of high fi eld images 
as seen on 8 T and 7 T images of the human head shown in 
Figures 21.2–21.4. Aside from the safety considerations of 
inhomogeneous RF distribution, penetration effects must 
be addressed as an image quality issue as well. Such RF dis-
tribution has been addressed by offering solutions that use 
innovative coil design and excitation schemes [27].

OTHER RF ISSUES
Biological tissues have a high dielectric constant, ε, of 

about 50. This is due to the high water content and ε (water) 
is around 80. The unique molecular structure of water is 
the primary determinant of its high dielectric properties. 
Within the human body, as in water, electromagnetic waves 
experience pronounced changes in their wave properties, 
such as wavelength, that impacts their propagation and 
distribution. The dimensions of imaged objects also play 
in as a factor in the formation of dielectric effects. The typi-
cal dimension, d, of a human head is about 10 cm while the 
same d for the human torso is about 25 cm. At the same 
time, after RF enters the body its wavelength within the tis-
sue changes and is given by λ λ εt r� 0/  where λt is the RF 
wavelength inside the tissue, λ0 is the RF wavelength in air, 
and εr is the relative permittivity of the tissue. Evidence for 
dielectric effects begin to appear as λt approaches d from 
above which is caused by B0 increase, and becomes more 
severe as λt becomes smaller than d.

Dielectric resonance, or center brightness effects, begin 
to appear on MRI images at around 2 T when the patterns 
of inhomogeneity across MRI images grow in severity and 
complexity [29]. At 8 T, as seen in Figures 21.2 and 21.3, the 
dielectric patterns clearly cause a signifi cantly stronger B1 
at the central regions making these regions of the image 
considerably brighter than peripheral regions. While unde-
sirable in general, this feature of HF MRI lends itself to 
the studies involving the center of the brain as it enables 
signal to be focused selectively in those regions. For all 
other applications requiring a homogeneous distribution 
of image intensity, new techniques in coil design and pulse 
sequences have shown to be able largely to suppress this 
effect [8,9].

For magnetic fi elds above 7 T, a unique coil design 
called a transverse electromagnetic or TEM resonator is 
used [30,31]. HF MRI at 4 T and above has benefi ted from 
the electromagnetic characteristics of TEM coil design 
[32]. TEM coils incorporate a distributed capacitor concept 
in their construction, unlike the low fi eld RF coil’s bird-
cage-like designs, which use a lumped element concept 
for capacitor/inductor use. While unable to suppress the 
artifacts such as center brightness at high fi eld, as seen in 
Figures 21.2 and 21.3, the TEM resonator has been able to 
address some fundamental issues, such as high electric fi eld 

concentration around capacitors of lumped element coils 
and radiation damping that becomes severe in birdcage 
design at HF. The issue of radiation damping in birdcage RF 
coils [28,32] refers to the leaking of RF power as radiation 
in an outwardly direction that takes energy away from the 
internal regions of the coil where that energy is needed for 
spin excitation. This effect in birdcage coils degrades image 
homogeneity at proton frequencies due to a need for more 
RF power that introduces more electric noise into the body, 
reducing SNR and fl ip angle uniformity across the sample.

One remedy for dielectric effects is the choice of phase 
array volume coils and multichannel coils in a scheme 
called parallel imaging [8,9,28]. Phase array coils and multi-
channel coils are made up of a set of surface coils in tan-
dem wrapped around the imaged body. Multichannel coils 
and phase array coils take advantage of their surface ele-
ments that generate stronger signal in the near proximity 
of the coil. This characteristic of multichannel coils offers 
higher SNR in peripheral regions compared to deep tissues. 
This effect acts opposite to dielectric effects and compen-
sates the center brightness, thereby restoring the intensity 
homogeneity to HF MRI images. Multichannel coils could 
be comprised of traditional surface coil elements or struc-
tures such as TEM coils could be used in a way that their 
individual elements receive signals independently within a 
parallel receive mode. Multichannel coils have been used 
in parallel receive mode (pRX) in different partial paral-
lel imaging schemes such as sensitivity encoding (SENSE) 
[8], and simultaneous acquisition of spatial harmonics 
(SMASH) [9], which are two variants of radiofrequency 
coil array reception techniques. Both SENSE and SMASH 
have the dual advantage of homogeneity and fast acquisi-
tion. The fast imaging is achieved by shortening the read-
out duration as it is for individual surface coils ability to 
skip k-space lines. At lower fi elds, parallel imaging is used 
to reduce scan time for dynamic imaging studies and oth-
ers in need of higher temporal resolution. As far as the use 
of parallel imaging for restoration of homogeneity of RF 
(B1) distribution is concerned, there are two opportunities 
for reinstating image homogeneity, one during transmit 
and the other during receive, which leads into a multitude 
of confi gurations for parallel imaging. These confi gurations 
include the use of (a) single channel transceiver (Tx/Rx) 
volume coil; (b) single channel transmit/parallel receive 
(Tx/pRx); (c) parallel transmit/parallel receive (pTx/pRx) 
also called transmit SENSE/receive SENSE. These confi gu-
rations have different advantages and disadvantages in 
terms of RF power, SAR, image uniformity and SNR.

Parallel imaging has another benefi t related to the eco-
nomics of RF power generation and delivery technology. As 
RF power per unit fl ip angle excitation increases at HF, it 
becomes increasingly more expensive and diffi cult to incor-
porate RF amplifi ers with the capability for high fi delity 
pulse generation needed for spin excitation in HF scanners. 
A typical RF power amplifi er for a 7 T scanner should have 
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10–30 kW of power for delivery for various applications. This 
makes pTx/pRx even more attractive. It is more economical 
to use multiple smaller transmitters feeding individual coil 
elements than delivering massive amounts of RF power to 
an individual volume coil. This means that at HF one could 
use the smallest possible Tx coils to their advantage, since 
they can produce larger B1 with the same amount of RF 
power compared to volume coils. On the other hand, for 
each unit of RF power, smaller elements of pRx coils can 
produce a more intense and shorter pulse which has a high 
bandwidth (BW). Such high BW pulses allow more versa-
tile sequence designs with better image contrast. Shorter 
echo times and higher sensitivity are achieved by pRx, in 
addition to high SNR advantages of pRx mode, making this 
technology more favored for HF MRI studies.

Small HF and UHF animal scanners have already made 
a foothold for imaging of CNS tumor models. These scan-
ners operating at fi elds of 7–14 T have demonstrated the 
gain in most of the fundamental MRI parameters like SNR, 
CNR, resolution, etc. The ability to generate a 3D image of a 
tumor at (0.1 m)3 will open the path for conducting the most 
basic evaluation of therapeutic effi cacy in humans, as is now 
done in animal models of brain tumors. Examples of in vivo 
anatomical imaging obtained at 8 T (see Figures 21.1–21.3) 
have voxels about ten times bigger than (0.1 mm)3. Other 
chapters in this book also illustrate 8 T images with excellent 
SNR characteristics, raising hope that HF is truly advancing 
and will eventually bring anatomical, functional and molec-
ular imaging with MRI possible at submillimeter resolution. 
Another quantum leap in this technology will be made upon 
optimization of parallel imaging in the next generation of 
MRI scanners. In addition, targeted contrast agents should 
make it possible to achieve resolutions of about (0.1 mm)3 

throughout the human brain in reasonable scan times. This 
will lead to a reassertion of MRI as the most effective tool in 
the diagnostic and therapeutic aspects of cancer care.

CONCLUSION
MRI has achieved an order of magnitude improvement 

in image quality in the last two decades since its appearance 
as a medical imaging modality. During this time, HF has 
remained its trusted path to development. HF has shown 
that it has much to offer to cancer diagnosis and monitor-
ing of therapy. As fi eld strength increases, so does the sen-
sitivity, magnetic susceptibility, T1 relaxation and chemical 
shift. Gain in SNR has the most profound effect on new 
capabilities which open new applications to MRI. HF MRI 
has already shown that it is capable of acquisition of images 
with submillimeter resolution, microvascular visualization, 
reliable brain metabolite mapping and high temporal reso-
lution dynamic imaging. fMRI is another feature that MRI 
has offered to cancer research with a great deal to offer at 
high fi eld in the arena of neurosurgery planning. Other 
developments such as tumor-specifi c contrast agents, par-
allel imaging, diffusion tensor imaging and complex new 
pulse sequences are further empowering HF MRI, helping 
its march toward a true quantitative imaging technique with 
potential to develop specifi city for imaging-based tumor 
staging. Within less than a decade since its appearance, 
parallel imaging has increased the number of channels for 
simultaneous acquisition to 128 channels, which makes sin-
gle shot k-space read-out acquisition possible. Such rapid 
developments will substantially facilitate HF MRI’s ascen-
sion to a non-invasive neuropathological tool, with the 
potential for real-time therapeutic monitoring as well.
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INTRODUCTION
Since its introduction as a diagnostic tool in the mid-1980s, 

magnetic resonance imaging (MRI) has evolved into the pre-
mier neuroimaging modality. With the introduction of higher 
fi eld magnets, we are now able to achieve spatial resolutions 
of such superb quality that even the most exquisite details of 
the brain anatomy can be visualized. Due to these advantages, 
MRI has had a great impact on the diagnosis of neurosurgi-
cal conditions and, with the implementation of intraoperative 
MRI, on surgical therapy as well. With intraoperative image 
updates, brain deformations throughout the course of sur-
gery are detected in near real-time and the resection progress 
is readily monitored. This enables accurate neuronavigation. 
Intraoperative MRI (iMRI) is approaching the point when it 
will be used not only to localize, target and guide resection of 
brain tumors and other intracranial lesions, but also to provide 
a comprehensive picture of the surrounding functional anat-
omy. In addition to new imaging methods such as diffusion 
tensor imaging, multivoxel spectroscopy (MRS) and functional 
MRI (fMRI), novel therapeutic approaches have been added to 
the arsenal of MR-guided therapy. Among these, the promis-
ing results in MRI-guided focused ultrasound surgery, in which 
the non-invasive thermal ablation of tumors is monitored and 
controlled by MRI, are especially encouraging. With the clinical 
introduction of these advances, intraoperative MRI is changing 
the face of neurosurgery today.

Modern neurosurgery requires ever more comprehen-
sive integration of sophisticated morphologic and functional 
imaging techniques into the surgical fl ow. This integration 
process includes the incorporation of interactive dynamic 
imaging, high performance computing and real-time image 
processing in the operating room.

The evolution of novel intraoperative imaging tech-
niques has driven the development of several revolutionary 
image-guided therapy methods currently in the process of 
implementation into the neurosurgical practice.

In the following sections, we will present the various 
intraoperative systems currently in use. We will then review 

the current state of image-guided brain tumor surgery, 
including the role of multimodal imaging for guiding tumor 
resection and methods employed for image fusion and 
visualization. We will conclude with a brief presentation of 
novel, minimally-invasive therapeutic approaches, includ-
ing high-intensity focused ultrasound (HIFUS).

IMAGE-GUIDED THERAPY SYSTEMS
Due to the ever growing need for fast, high-resolution 

morphologic and functional imaging, competitors in the 
MRI market have begun to pursue higher fi eld MR scanner 
solutions. Closed (cylindrical) bore MR systems are mar-
keted at a fi eld strength of 3 T, while open systems are now 
being introduced at 1.0 Tesla. The migration to higher fi eld 
solutions is expected to continue, since the dominant com-
petitors are currently pursuing even higher fi eld solutions 
for the research community that range from 4 T to 9.4 T. 
Recently, the US Food and Drug Administration (FDA) des-
ignated 7 T as non-signifi cant risk.

One of the implications of this migration is the re-
calibration of fi eld strength defi nitions [1]. Demand for the 
3 T systems has been so great that a sub-segment has devel-
oped to describe more accurately the change that is taking 
place. For the purposes of this review, the 3 T market will 
be designated as the very high fi eld. The high fi eld segment 
will include only those scanners with a fi eld strength of 1.5 T. 
Mid-fi eld scanners will now include fi eld strengths from 
0.5 T to 1 T, while low-fi eld scanners are less than 0.5 T. A sec-
ond trend in MRI scanner design includes decreasing bore 
length and increasing bore diameter, which greatly ben-
efi ts access during interventional procedures and provides 
greater fl exibility in patient positioning.

Choice of MRI Scanner and Procedural fl ow
At the time of this publication, scanners ranging from 

0.12 T to 3 T are in use for MRI-guided neurosurgery with 
a range of confi gurations (Figure 22.1). The choice of scanner 
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may strongly infl uence operating room architecture and 
layout, as well as the manner in which imaging and inter-
vention are performed. Solutions for iMRI include: operat-
ing within a vertically open scanner, which eliminates the 
need to move the patient in between imaging cycles (Figure 
22.1A,B); use of a dedicated portable scanner (Figure 
22.1D); horizontally open scanners (Figure 22.1C); or con-
ventional closed bore scanners (Figure 22.1E,F), which 
require that the patient be moved for intraoperative image 
updates, by translating or pivoting a table up to 180 degrees 
(with this confi guration, the surgery takes place outside the 
5 gauss line); mobile closed bore scanners, which move to 
the patient (Figure 22.1G,H).

Different procedures are enabled by certain scanner 
capabilities. Greater signal-to-noise ratio and faster scan 
times, characteristic of the higher fi eld, closed bore scan-
ners, enable intraoperative functional MRI (fMRI), diffusion 
tensor MRI (DT-MRI) and MR spectroscopy (MRS) acquisi-
tions, which may facilitate tumor resections. The high fi eld 
scanners, moreover, have greater sensitivity to tempera-
ture changes during thermal ablations, which is ideal for 
minimally-invasive procedures, such as laser ablation and 
focused ultrasound ablation [2,3]. Lower fi eld open scan-
ners offer greater patient access for biopsy and therapeutic 
probe placement. The tradeoffs of these scanners are listed 
in Table 22.1.

Safety
Complexity of controlling access increases in situations 

where a single iMRI room services multiple operating rooms. 
Depending on layout, more entrances into the iMRI room 
may be necessary. Moreover, moving an intubated patient 
between the surgical station and the scanner poses a clinical 
safety concern. When the surgery occurs within the 5 gauss 
line, the use of custom-made, non-ferrous instruments is 
mandatory (see Figure 22.1A,F). Solutions where surgery 
occurs outside the 5 gauss line enable the use of conven-
tional, more readily available instruments. However, great 
pains must be taken to prevent instruments from coming 
too close to the scanner where they may become projectiles. 
This point is critical to the safety of the patient and staff.
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FIG. 22.1. Solutions for MRI-guided neurosurgery. (A) 
Vertical open superconducting 0.5 T interventional scanner with
integrated optical tracking system for neuronavigation; (B) same
system shown with integrated fl uoro x-ray system (courtesy Rebecca
Farhig); (C) portable dedicated low fi eld system (courtesy Med-
tronics); (D) horizontal open permanent magnet low fi eld system 
(courtesy Roberto Blanco); (E) two room suite with closed bore 
3 T scanner and bi-plane fl uoro x-ray system (courtesy Walter 
Kucharcyzk); (F) one room solution with 3 T scanner; surgery 
occurs at the back of the scanner to minimize excursion between 
surgical location and imaging location; (G,H) mobile 1.5 T 
scanner; subsequent to image acquisition, scanner is moved to 
garage.

T A B L E  2 2 - 1  Possible MRI confi gurations for intraoperative 
and interventional imaging

Confi guration Field Direct  Advantages
  access

Long bore (closed) 1–3 T  No Highest image quality
Short/wide bore  1.5 T Limited Moderate homogeneity
 (closed)    and gradient speed
Horizontal open  0.02–1.0 T Limited Safety and instrument
 gap    compatibility
Vertical open gap 0.5 T Full Intraoperative imaging; 
    fl exible positioning



Patient Positioning
Many iMRI procedures require general anesthesia. It is 

essential the patient is positioned properly and all pressure 
points must be appropriately padded to maintain good cir-
culation. When the head has to be pinned in a head holder, 
as is the case with most neurosurgical procedures, center-
ing the head in the sweet spot of the imaging volume may 
interfere with achieving the ideal surgical position. These 
requirements may sometimes preclude fi tting of a large 
patient into the bore of the scanner.

BRAIN TUMOR RESECTION UNDER 
INTRAOPERATIVE MRI GUIDANCE

Rationale
Currently, there is no generally accepted management 

standard for primary brain tumors. With the exception of 
patients with intractable epilepsy and symptomatic mass 
effect, the role of surgery remains controversial. However, an 
increasing number of studies suggest a benefi cial effect of 
gross total tumor resection on overall- and recurrence-free 
survival in patients with low- and high-grade gliomas [4–7].

The fundamental goal of neurosurgery is to target, 
access and remove intracranial lesions without causing 
damage to normal brain tissue or vascular structures. The 
overall concern is the preservation of neurological function, 
which requires precise delineation of functional anatomy 
and correct defi nition of the resection target volume.

Intraoperative MRI has become the method of choice 
for achieving the safest and most accurate resection of glial 
neoplasms. Visual inspection is often unreliable in distin-
guishing tumor from normal brain tissue. Compared with 
visual inspection and other imaging modalities (CT, ultra-
sound), MRI has a much higher sensitivity in detecting these 
lesions. However, the usefulness of preoperatively acquired 
MR images for surgical guidance is limited by changes in 
brain confi guration, which inevitably occur during surgery. 
At the outset of any given procedure, surgical manipulations 
and anesthesia result in a change in the anatomic position 
of brain structures and intracerebral tumors. For exam-
ple, the initial loss of cerebrospinal fl uid (CSF) following 
a craniotomy, as well as retraction and resection of tissue, 
tissue hydration state, partial arterial CO2 pressure, all play 
a role in the intraoperative brain shift [8,9]. Hence, localiza-
tion and targeting of brain tumors based on preoperatively 
acquired images is unreliable. In fact, literature data show 
that, in the absence of intraoperative image updates, visual 
inspection of the surgical fi eld alone fails to detect residual 
tumor otherwise accessible for resection [7,10–12].

Another major challenge when attempting gross total 
tumor resection is determining the relationship between 
lesion and functionally critical cortical areas and white matter
tracts. A recent analysis of a large patient series harboring
supratentorial gliomas, operated on with intraoperative

anatomic MRI guidance, has shown that the main predic-
tors for incomplete tumor resection are, besides large tumor 
volume and oligodendroglioma histopathology, tumor 
involvement of eloquent cortex and large fi ber tracts, such 
as the corticospinal tract [13]. These fi ndings underscore the 
importance of multimodal imaging, such as fMR and DT-
MRI for surgical guidance.

Multimodality Imaging for Guiding 
Brain Tumor Resection

Functional magnetic resonance imaging provides infor-
mation about cortical function by non-invasive means. Such 
functional information is of paramount value for surgical 
planning in lesions located in or around eloquent cortex.

Basically, neural activation is accompanied by a hemo-
dynamic response, i.e. increased supply of arterial (oxygen-
ated) blood to the activated cortical regions. This results in 
a local increase of the oxyhemoglobin-to-deoxyhemoglobin 
ratio. Given the fact that oxyhemoglobin is diamagnetic 
and deoxyhemoglobin is paramagnetic, the hemodynamic 
response during activation leads to an alteration of local 
magnetic susceptibility, which can be readily detected with 
appropriate MRI sequences, such as echoplanar gradient 
echo imaging [14].

The interpretation of fMRI data is based on statistical 
analysis of the temporal variations in voxel intensity distri-
bution during rest and activation. The functional maps are 
obtained by displaying the distribution of the voxels acti-
vated by various physiological tasks (i.e. motor, sensory, 
visual). Although fMRI data do not alter the diagnosis, they 
can contribute substantially to surgical planning by provid-
ing critical information about optimal positioning of crani-
otomy and corticotomy sites, surgical excision margins and 
access routes to the lesions. fMRI based surgical planning
also yields various potential strategies that enable the 
surgeon to avoid targeting the lesion too close to eloquent 
cortex or to other essential structures.

The relationship between intra-axial infi ltrative brain 
tumors, such as low- and high-grade glial neoplasm and the 
functionally active neural tissue has not been entirely eluci-
dated. Large-population MEG (magneto-encephalography) 
studies [15,16] demonstrated the presence of functionally 
active tissue within the tumor as defi ned by MRI in 18% of 
grade II, 17% of grade III and 8% of grade IV tumors. Thus, 
obtaining functional information well in advance of the 
surgical procedure is critical in defi ning the safest surgical 
strategy. Moreover, the incorporation of preoperative fMRI 
information into frameless, stereotactic systems is becom-
ing routine at some institutions [17].

In our experience, preoperative fMRI data have proven 
very useful in guiding electrophysiological, cortical map-
ping. Furthermore, such information may be crucial to 
stereotactic biopsies, where, due to the small skull opening, 
cortical stimulation is not practicable. However, the intraop-
erative use of fMRI data is limited by the changes in brain’s 
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shape which inevitably occur during any neurosurgical pro-
cedure. Intraoperative fMRI acquisitions are not practical 
in low- and mid-fi eld iMRI systems. The high-fi eld systems, 
however, do not suffer from this limitation [18].

Diffusion tensor MRI can add important information 
about the proximity of tumors to critical white matter fi ber 
tracts [19,20]. Precise knowledge of white matter fi ber tract 
locations, as well as their topographic relationship with the 
lesion, is not only essential to accurate surgical planning, but 
also to understanding and predicting neurological function 
both before and after surgery. White matter fi ber tracts can 
be depicted by displaying the eigenvectors of the diffusion 
tensor or by color-coding the directional information. With 
such information overlaid on anatomical images, fi ber tract 
alterations such as displacement, infi ltration or disruption 
can be readily observed. However, it is important to note the 
diffi culty of identifying a tract in a two-dimensional plane.

During the past few years, several algorithms for three-
dimensional tracking of water diffusion have been devel-
oped (3D-tractography) [21–23]. Unlike the task of detecting 
white matter fi ber tracts within a two-dimensional plane, 
the 3D approach enables more precise tract identifi ca-
tion and produces more reliable anatomic information. By 
registering multiple image data, such as functional MRI, 
diffusion-weighted tensor images and structural images 
including gadolinium contrast-enhanced images in three 
dimensions, and by rendering all information on to a 3D 
brain model, the surgeon can interpret the overall view of 
tumor and white matter fi ber relationship with relative ease.

Rigid and Non-rigid Image Registration 
for Surgical Guidance

Recently developed, sophisticated image registration 
techniques have enabled the use of preoperatively acquired 
multimodal images for surgical navigation.

Registration has been extensively studied and excellent 
techniques are now available to achieve alignment of several 
different types of images. Different registration algorithms 
are distinguished by the alignment metric used to assess 
alignment quality and the nature of the transform that may 
be estimated. Different choices for these parameters lead 
to different performance characteristics, different level of 
robustness to signal variation, to the type of geometrical 
change that may be identifi ed automatically and to changes 
in the capture range and speed of execution. Excellent 
reviews of recent work in image registration algorithms and 
strategies for registration validation are available [24–26].

In our work we have focused on robust methods, able 
to be executed within the time constraints of surgery [27] 
and fast implementations of methods suitable for multi-
modality data [28]. Alignment of preoperative data can uti-
lize transformation models suitable for the capture of rigid 
body motion alone.

Figure 22.2 illustrates the fusion of functional MRI, 
diffusion tensor MRI and structural MRI for the purpose 
of enhancing preoperative surgical planning. We applied 

a previously described segmentation strategy [29,30] to high 
resolution MRI (spoiled gradient echo (SPGR) at 0.9375 � 
0.9375 � 1.3 mm3 acquired on a GE 3 T scanner), and a T2W 
fast spin-echo (0.46875 � 0.46875 � 5.0 mm3). We aligned 
the T2W scan, and also preoperative DT-MRI and fMRI 
to the SPGR scan, as shown in Figure 22.2. The distance 
between regions of activation in a language fMRI paradigm, 
critical white matter fi ber tracts and the projected area of 
resection was carefully considered.

Rigid registration is able to compensate for transla-
tional and rotational differences, but non-rigid registra-
tion transformations are necessary to compensate for brain 
shift. A recent review [31] describes the motivation and 
methods for successfully capturing such intraoperative 
deformations and a robust, rapid and effective method for 
registering whole brain preoperative MRI to intraoperative 
MRI has recently been described [32].

One predictor of neurological defi cit following neurosur-
gery is the distance between the resected tissue and activa-
tion observed with fMRI [33]. We have recently experimented 
with the alignment of preoperative fMRI to iMRI during neu-
rosurgical cases. We repeatedly updated the alignment as 
new iMRI was acquired over the course of the surgery and 
utilized rigid followed by non-rigid registration [32] to project 
the fMRI and DT-MRI into alignment with the patient’s brain 
as the surgery proceeded. Reorientation of the DT-MRI 
was carried out using the method of Ruiz-Alzola [34]. 
The surgeon was able to visualize the spatial relationship 
between preoperative fMRI, DT-MRI, the location of the 
tumor and the region of the tumor resection. This is illus-
trated in Figure 22.3.

FIG. 22.2. Intrasubject alignment of preoperative structural 
MRI, functional MRI and diffusion tensor MRI. This type of visuali-
zation enables ready appreciation of the 3D relationship between 
anatomical structures, the tumor and critical fi ber pathways.
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Intraoperative Dynamic Contrast Imaging
One charateristic of high-grade glial neoplasms is their 

capacity to induce formation of new, abnormal vessels
(tumor angiogenesis). These abnormal vessels lack a blood–
brain barrier and are inherently highly permeable. Dynamic 
contrast enhancement studies performed during image-
guided resection procedures have demonstrated a higher 
rate and degree of enhancement at sites of tumor recur-
rence, compared with areas associated with radiation 
necrosis, which results from damage to existing vessels [35].

In this technique, an SPGR scan sequence is performed 
sequentially while gadolinium is injected intravenously 
(2D FSPGR, with echo time (TE) minimum, 45 degree 
fl ip angle, 1 NEX, sequential, multiphase, interleaved, var-
iable bandwidth, and extended dynamic range, 10 phases/
location; 22 cm FOV; 256 � 128; 1.87 s/image). This tech-
nique produces a series of images depicting regional rates 
of enhancement through the tumor volume.

A series of 24 patients who underwent dynamic MR 
imaging while in the intraoperative magnet was reported 
in Schwartz et al [35]. In patients with tumor recurrence, 
the signal intensity at fi rst pass through active tumor had 
increased approximately 50% over baseline, while the max-
imal signal intensity change at fi rst pass in patients without 
evidence of recurrent tumor was only approximately 15% 
over baseline. These data suggest that dynamic MR imaging 
can at once establish whether active tumor is likely present 
within a treated tumor bed and direct the surgeon to 
these sites; we now routinely use it for these purposes. 

Schwartz et al demonstrated an accuracy of 90% for this 
method in distinguishing patients with recurrent tumor 
from those with radiation necrosis.

Intraoperative Detection of Complications
One of the great advantages of performing surgery within 

the intraoperative MR system is the ability of the operator to 
evaluate for intraoperative or perioperative hemorrhage. To 
this end, we routinely use a ‘heme-susceptibility sequence’ 
that consists of a series of gradient echo images with a time 
to recovery (TR) of 600 ms, a 30 degree fl ip angle, 1 NEX and 
TEs of 9, 20, 40 and 60 ms. These images are acquired as two 
sets of double echoes: one with TEs of 9 and 40 ms, and the 
other with TEs of 20 and 60 ms.

We have found that gradient echo sequences with long 
TEs (i.e. 40–60 ms) show dark signal (‘blooming’) due to 
hyper-acute blood collections, which is not evident on con-
ventional imaging sequences or on shorter gradient-echo 
(GRE) sequences. This most likely refl ects the greater sensi-
tivity of the long TE GRE sequence to the presence of small 
amounts of deoxyhemoglobin that develop in the periphery 
of a hyper-acute blood collection. Atlas and Thulborn [36] 
have suggested that the low partial pressure of dissolved oxy-
gen in the brain when compressed by the hematoma leads to 
deoxygenation of the blood at the hematoma–brain interface. 
Hence, deoxyhemoglobin can be visualized only on long TE 
GRE images and the attendant conspicuity of blood is directly 
correlated with increasing TE. It is important, however, to 
compare these images with conventional sequences to differ-
entiate acute blood from postoperative air collections, which 
are visible as signal voids on all imaging sequences.

By understanding the changing appearance of the 
operative site on GRE images as a function of increasing TE, 
we can measure intraoperatively the amount of acute blood 
in a way that positively impacts the outcome of intracranial 
surgery performed in the intraoperative MR system. In 15 of
the 18 cases studied, a small amount of hemorrhage was 
noted on the periphery of the operative cavity, but was 
considered too small to warrant any further action by either 
the radiologist or surgeon. In three cases, however, the col-
lections produced signifi cant mass effect on surrounding 
brain structures or were enlarging and were subsequently 
drained using MR guidance. In the most extreme case, 
where acute blood was exerting mass effect on surround-
ing brain and rapidly increasing in size, the collection was 
removed under MR guidance. Since diffusion-weighted 
MRI can detect ischemic injury, this method shows great 
potential for detecting white matter tracts, as well as avoid-
ing surgical complications related to vascular spasm and 
occlusion. As a proof of concept, intraoperative line scan 
diffusion imaging (LSDI) on a 0.5 Tesla interventional MRI 
was performed during neurosurgery in three patients. 
Diffusion trace images were obtained in acute ischemic 
cases. Diagnosis of acutely developed vascular occlusion 
was confi rmed with follow-up scans [37].

FIG. 22.3. Visualization of fusion of preoperative and intraop-
erative MRI. Functional MRI activation is represented in blue and 
DT-MRI is represented by line glyphs indicating the orientation 
of local white matter fi bers. The preoperative appearance of the 
tumor is indicated by surface rendering in red and cross-sectional 
slices through intraoperative volumetric MRI are shown.
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Instrument Tracking and Neuronavigation
Early work with brain stereotaxis has established the 

importance and value of image guidance through bet-
ter determination of tumor margins, better localization of 
lesions and optimization of the targeting. Frame based and 
frameless stereotaxis using 2D and 3D images have shown 
that neurosurgery can be performed through less invasive
approaches, with greater accuracy. Today, the fi eld of 
computer-assisted, image-guided surgery has replaced 
stereotactic neurosurgery.

With the introduction of intraoperative MRI, the need 
for frame of reference transformation and registration 
has been eliminated. The lesion localization in the three-
dimensional space is accomplished using image coordinates.
Furthermore, with intraoperative image updates, the locali-
zation can be updated in a dynamic fashion. These features 
have dramatically enhanced the ability to obtain accurate 
biopsies and correct resection margins. Interactive use 
of MRI allows the selection of the optimal trajectories for 
various neurosurgical approaches. Brain surgeries can be 
carefully planned and then executed under MRI guidance, 
which allows the surgical exposure and the related damage 
to the normal brain to be minimized.

Interactive instrument tracking is the process by which 
interactive localization is possible in the patient’s coordi-
nate system. Tracking methods include articulated arms, 
optical tracking, passive systems, sonic digitizers and elec-
tromagnetic sensors. Active optical trackers use multiple 
video cameras to triangulate the 3D location of fl ashing 
light emitting diodes (LEDs) that may be mounted on any 
surgical instrument. Passive tracking systems use single or 
multiple video cameras to localize markers that have been 
placed on surgical instruments. Such passive systems do 
not require a power cable to be attached to the hand-held 
localizer. Unfortunately, both LED and passive vision local-
ization systems require line of sight between (at least some 
of) the landmarks or emitters and the imaging sensor at all 
times when an object is to be tracked. Electromagnetic dig-
itizers operate without such a restriction and offer the abil-
ity to track objects out of view or instruments placed inside 
the body.

Interventional imaging and display provide the neuro-
surgeon with an enhanced and dynamic view of the anat-
omy. Coupled with a stereotactic system, such as the optical 
tracking system described earlier, this allows the surgeon 
to navigate the surgical instruments within the surgical 
fi eld, based on preoperative and/or intraoperative imaging 
information.

Efforts to refi ne the integration of neuronavigation 
tools into iMRI systems further are rather critical for close-
bore and horizontal-gap MRI scanner confi gurations, where 
images and anatomy have to be correlated outside the 
scanner after the imaging is completed and the patient 
is taken out of the scanner. The neuronavigation system 
is then used to register the image updates to the patient’s 

frame of reference. After accomplishing this critical step, the 
neuronavigation system is used for guiding tumor resection.

Modern neuronavigation systems are not limited to 
tracking hand-held surgical instruments. Nimsky et al have 
reported 22 cases in which a surgical microscope was inte-
grated with the tracking system and used for guiding the 
tumor resection. The authors found that the combination 
of intraoperative imaging with functional neuronavigation 
offers the opportunity for more radical resections and may 
help decrease surgical morbidity [38]. Iseki et al reported 
their setup of MRI-guided surgery suite with a horizontal 
gap scanner and in-house neuronavigation software [39]. 
Similar efforts to combine neuronavigation and open-MRI 
scanners can be also found in Mursch et al and Samset et al 
[40,41]. A unique approach of combining a neuronavigation 
system with a compact mobile MRI scanner designed for 
use in a conventional operating room has been described 
in Schulder et al [42].

The development of neuronavigation systems for use 
within the iMRI environment has been a constant research 
focus at our institution. As a result of these efforts, we have 
developed the 3D-Slicer software package. This is a modular 
image processing software package which features capabili-
ties such as segmentation, registration, 3D-model genera-
tion, DT-tractography, mutlilayered display and multiplanar 
image reformatting, along with instrument tracking capabil-
ities (Figure 22.4). The 3D-Slicer has become an integral part 

FIG. 22.4. Neuronavigation using the 3D Slicer. Preoperative 
fMRI registered and displayed on top of a preoperative T1 (top 
left), intraoperative T2 (bottom left) and preoperative T2 (bottom 
left) image. Note the virtual surgical probe (green bar) in the 3D 
view window (top right), which indicates the position of the surgical 
instrument used by the physician to navigate the multimodal image 
volume.
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of our iMRI system and has been successfully used for guid-
ing brain biopsies and brain tumor resections for the past 
seven years on a routine basis. Rigid and non-rigid fusion of 
preoperative, multimodal images with intraoperative image 
updates can be accomplished within the time constraints 
imposed by the ongoing surgery in this environment. The 
resulting updated multimodal data sets are employed for 
surgical guidance [43].

After registering the multimodal preoperative images 
with the intraoperative scans, the composite volume can be 
immediately used for surgical navigation (‘virtual intraop-
erative scan’).

MRI-GUIDED THERMAL ABLATIONS AND 
FOCUSED ULTRASOUND SURGERY

With the introduction of MRI as a monitoring method 
for thermal therapies, a novel mechanism for controlling 
energy deposition became available. It was recognized 
that many MRI parameters are sensitive to temperature 
changes, which makes MRI suitable for monitoring thermal 
ablations by non-invasive means. Furthermore, one can 
take advantage of diffusion MRI, which detects changes 
in water mobility and compartmentalization, to identify 
reversible as well as irreversible thermally induced tis-
sue changes [44,45]. It became obvious, however, that MRI 
monitoring of thermal ablation is only feasible if the imag-
ing and therapy delivering systems are integrated.

The role of MRI during thermal ablations is to monitor 
temperature levels and to ensure that the thermal coagula-
tion is restricted to the targeted tissue volume. MRI can also 
detect irreversible tissue necrosis and demonstrate perma-
nent changes within the treated tissue volume. Physiologic 
effects such as perfusion or metabolic response to elevated 
temperature can also be used for monitoring the ablation.

Both fl ow and tissue perfusion can affect the rate and 
extent of energy delivery and the size of the treated tissue 
volumes [46].

Since the original description of MRI monitoring and 
control of laser–tissue interactions, MRI-guided intersti-
tial laser (ILT) has become a clinically tested and accepted 
minimally invasive treatment option. It is a relatively simple 

straightforward method, which can be well adapted to the 
interventional MRI environment.

Overall, early results suggest that ILT is a safe therapy 
method. Although no defi nitive conclusion can be drawn 
based on the currently available data, it appears that ILT 
can be of benefi t in patients with low-grade gliomas (Figure 
22.5) [47, 48]. In malignant gliomas, thermal therapy has 
been essentially unsuccessful, a predictable outcome since 
such tumors extend far beyond the area of MRI contrast 
enhancement.

Among currently developed thermal therapy methods, 
focused ultrasound (FUS) appears to be the most promis-
ing, since its use does not require any invasive interven-
tion. The potential therapeutic use of ultrasound energy for 
intracranial pathology has long been acknowledged [49]. 
There is no more convincing example for the FUS benefi ts 
than in the brain, where deep lesions can be induced with-
out any associated damage along the path of the acoustic 
beam [49,50]. In the brain, where most injuries have detect-
able functional consequences, it is extremely important to 
limit tissue damage to the targeted area. This necessitates 
the use of an imaging technique for localization, targeting 
and real-time intraoperative monitoring, and to control the 
spatial extent of heat deposition [51]. By combining FUS 
with MRI-based guidance and control, it may be possible 
to achieve complete tumor ablation without any associated 
structural injury or functional defi cit.

Since the skull bone scatters and attenuates the prop-
agation of the ultrasound beam, most clinical trials have 
been performed following craniotomy in order to provide 
an ultrasound window. However, the transcranial applica-
tion of FUS, although challenging, is not impossible [49]. 
Although bone scatters and absorbs most of the acoustic 
energy, a small fraction can penetrate through the skull. 
Recent simulation and experimental studies have dem-
onstrated the feasibility of accurately focusing ultrasound 
through the intact skull by using an array of multiple ultra-
sound transducers arranged over a large surface area [50]. 
To correct for beam distortion, the driving signal for the 
transducer elements of the array is individually adjustable, 
either based on measurements obtained with an invasive 
hydrophone probe, or better, based on detailed MRI.

FIG. 22.5. (A) Intraoperative image 
guiding the insertion of the laser fi ber 
into the tumor; (B) MR thermal map-
ping during laser deposition; (C) post-
operative Gd-enhanced image.
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Because of the large surface area, the ultrasound energy 
is distributed in such a manner as to avoid heating and 
consequent damage of skin, bone, meninges or surround-
ing normal brain parenchyma, while at the same time being 
able to coagulate the tissue at the focus. The experimen-
tal data are extremely promising and a clinical trial is in 
progress at Harvard Medical School. From the preliminary 
results we conclude that it appears possible to coagulate 
brain tumors thermally through the intact skull under MRI 
thermometry control using MR-compatible arrays.

By applying multiple, smaller transducers around the
skull in a helmet-like phased-array system, suffi cient amounts
of energy can be deposited in the target tissue. Unfor-
tunately, the skull thickness is uneven, causing variable 
delays of the acoustic waves originating from individual 
phased array elements. Phase incoherence can be corrected, 
however, if the skull thickness is known from preoperative 
x-ray computed tomography scans. In an experimental setup, 
successful focusing through the skull was achieved and veri-
fi ed by MRI, thus providing the foundation for developing 
the fi rst human MRI-guided FUS system for brain tumor 
treatment.

Beyond thermal coagulation of tissue, FUS has vari-
ous other effects that can be therapeutically exploited and 
thus open the way for potentially innovative vascular and 
functional neurosurgery applications and for targeted drug 
delivery to the central nervous system. Among the most 
important, the capability of occluding vessels could make 
FUS a therapeutic tool for the treatment of vascular malfor-
mations [52].

FUS can be used selectively to open the blood–brain 
barrier, without damaging the surrounding brain paren-
chyma [53,54]. For this effect to be achieved, preformed 
gas bubbles must be introduced into the vasculature, as is 

routinely done with ultrasound contrast agents. The gas 
bubbles implode and release cavitation-related energy, 
which transiently inactivates the tight junctions. As a con-
sequence, large molecules can pass through the artifi cially 
created ‘window’ in the blood–brain barrier [55]. These large 
molecules can be chemotherapeutic or neuropharmaco-
logical agents. FUS-based targeted selective drug delivery to 
the brain could result in novel therapeutic interventions for 
movement and psychiatric disorders.

Such MRI-guided focal opening of the blood–brain 
barrier, combined with ultrasound technology that per-
mits sonications through the intact skull, will open the way 
for new, non-invasive, targeted therapies. Specifi cally, it 
would provide targeted access for chemotherapeutic and 
gene therapy agents [56], as well as monoclonal antibod-
ies, and could even provide a vascular route for performing 
neurotransplantations.

CONCLUSION
The role of imaging for both diagnosis and therapy 

has become accepted. The increasingly by favorable recep-
tion and dissemination of minimally invasive procedures 
resulted in the recognition of the feasibility of image-guided 
approaches. Although radiology has combined imaging 
with various novel therapeutic methods, the full utiliza-
tion of advanced imaging technology has not yet been 
accomplished. Current research focuses on the develop-
ment of therapy delivery systems in which advanced imag-
ing modalities are closely linked with high performance 
computing. Obviously, the operating room of the future 
will accommodate various instruments, tools and devices, 
which are attached to the imaging systems and controlled 
by image-based feedback.
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INTRODUCTION
The goal of neurosurgical resection of brain tumors is 

maximal excision with minimal permanent injury to sur-
rounding normal brain tissue and, more importantly, no 
resultant neurologic defi cit. A new defi cit may be caused by 
damage to cortical areas immediately surrounding a lesion, 
as well as to the white matter at the depths of the lesion and 
to brain tissue involved in the surgical approach. Functional 
brain mapping using a variety of techniques may aid in 
neurosurgical planning by providing information on the 
localization of eloquent cortex supporting behavior such 
as movement and speech, as well as of white matter tracts 
connecting critical areas. Together with conventional imag-
ing methods used to localize the lesion, functional mapping 
can be helpful in defi ning the relationship of the lesion to 
critical brain structures for operative planning. While neu-
rosurgeons have long used invasive brain mapping tech-
niques, recent technologic advances have led to several 
additional less invasive methods for mapping brain func-
tion. These methods differ not only in their methodology 
and physiologic basis but also in their level of spatial and 
temporal resolution, their invasiveness and their cost.

Functional brain mapping techniques may be used for 
preoperative planning, as well as for intraoperative assist-
ance in navigation and decision-making. Given incomplete 
information inherent in any single technique, combining 
information from multiple methods may be the most useful 
in operative planning. The nature of the pre- and intraoper-
ative functional mapping will be dependent on the eloquent 
cortex in the vicinity of the lesion. This chapter will briefl y 
present the most common brain mapping techniques and 
will then discuss the role of functional imaging studies in 
operative planning according to the location of the brain 
tumor and critical functions of adjacent brain.

BRAIN MAPPING TECHNIQUES

Functional Magnetic Resonance Imaging (fMRI)
Functional MRI measures changes in cerebral blood 

fl ow as a surrogate for neuronal activity. The most commonly 

used fMRI method measures blood oxygen level-dependent 
(BOLD) changes in the MR signal. Neuronal activity results 
in increased blood fl ow through local capillaries. The 
increased perfusion outstrips the increased demand, result-
ing in an increase in the ratio of oxyhemoglobin (oxy-Hb) 
to deoxy-Hb [1]. The iron in deoxy-Hb is paramagnetic and 
reduces T2* signal. The relative increase in oxy-Hb concen-
tration with neuronal activity results in an increase in T2* 
signal with neuronal activity, forming the basis of the BOLD 
signal [2]. For each voxel, the BOLD signal during perform-
ance of a task is compared to that during the resting or con-
trol state. BOLD signal change represents a ratio rather than 
an absolute physiologic measure. The change in signal is 
small, on the order of 0.5–5% [3]. To obtain an acceptable 
signal-to-noise ratio, the BOLD signal is averaged over mul-
tiple repeated trials and then subjected to statistical analysis. 
Finally, the BOLD map is superimposed on structural MRI.

Functional MRI is still being developed as a clinical 
tool and validated against methods such as Wada testing or 
intraoperative mapping that have the proven clinical track 
records (see below). fMRI has been validated against posi-
tron emission tomography (PET), transcranial magnetic 
stimulation (TMS) and electrocortical stimulation testing 
(ECS) for localization of the motor cortex in patients with 
lesions displacing the central sulcus, demonstrating over-
lapping (�1 cm distance) maps in the majority of cases [4]. 
The typical spatial resolution of fMRI is 2–5 mm. Advanced 
MRI techniques, including higher fi eld strengths [5–7] and 
parallel imaging [8,9], can provide increased signal-to-noise, 
increased spatial resolution or shortened acquisition times. 
The latency of the observed signal change in BOLD imaging 
is several seconds, making the temporal resolution of fMRI 
poor when compared with techniques such as ECS or elec-
troencephalography (EEG).

Functional MRI is non-invasive and therefore repeat-
able, both for many runs in a single session (unlike Wada test-
ing, see below) and on multiple occasions to follow patients 
over time. Due to its non-invasiveness and safety, fMRI 
is also suitable for use in children. Unlike Wada testing, 
fMRI can provide localization and not merely lateralization of 
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critical functions such as motor, sensory, language and 
memory. Finally, fMRI is able to demonstrate functional 
activations in the depths of cortical sulci not just at the 
cortical surface, an advantage over even the gold-standard 
ECS (Figure 23.1). Disadvantages of fMRI include sensitiv-
ity to motion-related artifacts, including those arising from 
heartbeat, breathing and head motion. Disruption of the 
signal due to air and face movement associated with vocali-
zation have generally precluded the use of tasks involving 
overt spoken speech for language mapping. The technique 
is furthermore sensitive to signal from large draining veins, 
although this is less prevalent at higher fi eld strengths [10].

Electrocorticography and Electrical Cortical 
Stimulation (ECS)

Electrocorticography is the direct recording of electrical 
potentials associated with brain activity from the cerebral 
cortex. A widely used application of electrocorticography 
is the localization of the central sulcus by means of phase 
reversal of somatosensory evoked potentials (SSEP-PR) [11]. 
Since the 1930s, direct electrocortical stimulation (ECS) 
testing has been the gold standard method for mapping 
brain function in preparation for surgical resection [12,13]. 
Invasive recordings from the human brain can provide 
unique opportunities to study fundamental processes at 
fi ne temporal and spatial resolution [14].

Cortical stimulation testing is limited due to its inva-
sive nature requiring craniotomy and generally special-
ized surgical and anesthesia teams. ECS may also not be 
able to examine functional cortex within the sulcal depths 
that comprise as much as two-thirds of the cortical surface 
[15], the deep structures of the mesial temporal lobe or the 
underlying white matter. For example, it is not uncommon 
for patients who have undergone cortical mapping and 
resection respecting the boundaries of the eloquent cortex 
nevertheless to be left with neurological defi cits second-
ary to damage to associated white matter tracts. To mini-
mize such occurrences, a few groups have reported success 

using white matter stimulation intraoperatively to defi ne 
critical tracts [16].

Diffusion Tensor Imaging (DTI)
A second MRI-based technique useful in the planning 

of brain tumor resections, DTI is able to demonstrate white 
matter tracts by using MRI to measure the direction of dif-
fusion of water molecules as a marker for the axis of these 
tracts. The technique is based upon the restriction of diffu-
sion of water by axonal membranes and myelin. Water dif-
fusion in axon tracts is direction dependent, or anisotropic. 
For physiologic reasons that are incompletely understood, 
water diffuses least in the direction perpendicular to fi ber 
tracts and most in parallel to them [17]. In DTI, magnetic 
fi eld gradients are applied in multiple orientations. The 
diffusion tensor is a mathematical model that is used to 
estimate the direction of maximum diffusivity of water mol-
ecules for every voxel. This direction of maximum diffusiv-
ity corresponds to the dominant axis of white mater tracts 
in that voxel [18]. Typical spatial resolution in DTI is a voxel 
size of 2 � 2 � 5 mm3, although this is improving quickly [19]. 
An advantage of DTI is that it specifi cally examines white 
matter, which is not amenable to characterization by other 
functional techniques. One limitation is that it offers little 
specifi c information on the functional status or substrates 
of these tracts. The technique also suffers from poor sig-
nal-to-noise ratio [19] and is vulnerable to artifact from air 
spaces. Other diffi culties include imaging crossing tracts, 
although acquisition and computational advances are con-
tinuously being made, providing solutions to these and 
other issues.

DTI may be used to visualize major white matter tracts 
including the cingulum, superior and inferior occipitofron-
tal fasciculi, uncinate fasciculus, arcuate fasciculus, occipi-
totemporal fasciculus, the corticospinal, corticobulbar and 
corticopontine tracts, the optic radiations, corpus callosum 
and anterior commissure [18]. DTI has been used to image 
the effect of neoplasms on the integrity and trajectory of 

FIG. 23.1. Coronal functional MRI 
images show motor activation for lip pursing 
(left) demonstrating bilateral activation and 
hand clenching (right).



white matter tracts [20]. Four patterns of anisotropy have 
been observed: normal signal with altered position or direc-
tion, corresponding to tract displacement; decreased but 
present signal with normal direction and location, thought 
to correspond to vasogenic edema; decreased signal with 
disrupted direction maps, thought to correspond to infi l-
tration; and loss of anisotropic signal corresponding to 
fi ber tract obliteration or destruction [18]. Histopathologic 
studies for validation are still lacking, however, due to the 
diffi culty in performing such studies. Information on white 
matter tracts may be useful in operative planning, to assist 
in the avoidance of both displaced tracts as well as those 
affected by edema or tumor, and to allow the surgeon 
greater confi dence when working in areas of brain where 
critical white mater tracts might be expected, but where 
DTI reveals pre-existing tract destruction (Figure 23.2).

Magnetoencephalography (MEG)
Magnetoencephalography (MEG) is a non-invasive 

method of measuring brain activity by measuring the mag-
netic fi elds that accompany neuronal activity. MEG is simi-
lar to EEG but is based on magnetic fi eld changes rather 
than voltage changes. Neural activity can be described as 
the generation and propagation of ion currents. The lon-
gitudinal current fl ow generated by several thousands of 
neurons fi ring synchronously can be detected at the scalp 
surface using a biomagnetometer. MEG data are gathered 
using a biomagnetometer made up of wire induction coils 
arranged in an array covering the entire head. The mag-
netic fi elds produced by neural activity induce electric 

currents in these coils and can be used to reconstruct an 
image of the distribution of evoked neural electrical activity 
of brain function in real time. Superconducting quantum 
interference devices (SQUIDs) are used to record the con-
ductance change caused by the small magnetic fi elds asso-
ciated with neuronal activity. MEG source localization is 
generally modeled as the equivalent current dipole. During 
MEG functional mapping a time-locked stimulus task is 
presented multiple times. The resulting evoked neuromag-
netic signals are then averaged over many trials to separate 
the signal produced by a focal population of active neurons 
from background activity. The use of MEG at this time is 
mainly restricted to centers pursuing research programs, 
though MEG for mapping both seizure foci and functional 
cortex is a clinically reimbursable procedure.

Although MEG is currently used primarily to local-
ize epileptogenic foci for resection [21], its use has more 
recently expanded to stereotactic and image-guided surgery 
to aid in the safe resection of lesions adjacent to eloquent 
cortex [22,23]. Magnetic source imaging is the coregistra-
tion of MEG data to a structural image to facilitate the 
anatomo-functional correlations and to incorporate this 
information into stereotactic neuronavigation systems [24]. 
Several studies report good correlation between preop-
erative MEG functional data and intraoperative maps of 
sensory and motor evoked potentials and electrocortical 
mapping [25–29]. Several groups have merged functional 
MEG data with anatomic data in order to locate key func-
tional cortex near and within cortical lesions including 
gliomas and brain metastases. Rezai et al have reported a 
technique of integrating MEG functional mapping data for 
both motor and sensory tasks into a stereotactic database 
for use intraoperatively, as well as for preoperative planning 
[22]. Similarly McDonald et al report the successful combi-
nation of both fMRI and MEG data into a frameless stereo-
tactic system that also incorporates digital registration of 
cortical stimulation sites [30].

Wada Testing
The intra-carotid amytal, or Wada, test is a method in 

which sodium amytal is injected into the internal carotid 
artery (ICA) temporarily anesthetizing the brain in the 
territory of that ICA. Following confi rmation of clinical effect 
by the onset of contralateral hemiparesis and EEG changes, 
a battery of behavioral tests is administered. Wada testing 
was initially developed to lateralize language dominance 
in patients undergoing electroconvulsive therapy, but has 
long been used for language lateralization in preoperative 
patients [31,32]. The Wada test was subsequently modifi ed to 
test lateralization of memory and to assess the risk of post-
operative amnesia in patients undergoing temporal lobec-
tomy for medial temporal lobe epilepsy [33]. The spatial 
resolution of the Wada test is usually hemispheric. However, 
Wada testing has been employed in a more highly local-
ized manner with selective catheterization, for instance to 
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FIG. 23.2. Sagittal image shows coregistered fMRI for lan-
guage activation and DTI data representing the arcuate fasciculus.
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investigate function of the mesial temporal structures in 
epilepsy patients [34].

Wada testing is limited in that the examiner has only a 
few minutes to test each hemisphere. The test is invasive, 
carrying a 0.6–1% risk of stroke [35]. Agitation or obtunda-
tion can preclude language testing in some individuals. 
Because of its invasive nature, Wada testing is not readily 
repeatable. Technically, the test may potentially be con-
founded by cross fl ow between hemispheres, resulting in 
anesthesia of both hemispheres from a unilateral injec-
tion. fMRI correlates well with and may soon substitute for 
Wada testing for the preoperative determination of lan-
guage lateralization, and may indeed offer many advan-
tages (discussed below).

Transcranial Magnetic Stimulation (TMS)
Transcranial magnetic stimulation involves the stimu-

lation or inhibition of neuronal electrical activity via a mag-
netic fi eld delivered at the scalp. Barker et al discovered 
that a magnetic fi eld could be used to set up an electrical 
stimulus across the scalp and skull [36]. In TMS, a current 
is discharged into an electromagnetic coil held over the 
skull; this discharge creates a magnetic fi eld that induces 
a perpendicular electric fi eld. The fi eld is conducted 
through the skin and skull and produces an electric current 
in the cortex, without causing pain in the patient [37]. TMS 
is relatively non-invasive though there is a risk of repetitive 
TMS causing seizures. Disadvantages include poor spatial 
resolution and very limited availability [37]. While there has 
been relatively little reported use of TMS in surgical plan-
ning, Krings et al have described the correlation of TMS 
with ECS in motor mapping in two patients with tumors 
near the central sulcus [38]. Neggers et al have recently 
developed a frameless stereotactic navigation system for 
delivering TMS and validated their results showing corre-
lation with fMRI and ECS to within 5 mm in motor cortex 
[39]. Despite one study reporting that TMS does not repli-
cate Wada testing [40], the above-mentioned reports sug-
gest tremendous promise for the technique in operative 
planning in the future.

IMAGING SPECIFIC FUNCTIONS

Motor Mapping
Voluntary movement is associated with activation of 

primary motor cortex (M1), premotor area (PMA), sup-
plementary motor area (SMA) and superior parietal lobule 
(SPL). Motor cortex may be localized intraoperatively by 
stimulating the precentral and post-central gyri, eliciting 
motor or somatosensory responses respectively. ECS for 
motor mapping [13,41] may be performed under general 
anesthesia as long as muscle relaxants are not used. Low or 
high frequency stimulation delivered to the motor cortex 
causes contralateral muscular contractions. Preoperatively, 

fMRI is used in many centers to delineate brain regions 
activated by motor tasks.

Several groups have validated fMRI against ECS in 
localizing motor areas [42–45]. Majos et al studied 33 patients 
with tumors near the central sulcus and found 84% agree-
ment between preoperative fMRI and intraoperative ECS 
in identifi cation of motor areas and 83% agreement in the 
identifi cation of sensory centers between the two tech-
niques. When sensory and motor data are combined, the 
agreement between fMRI and ECS increased to 98% [43]. 
Roessler et al recently used 3-Tesla fMRI and ECS to guide 
resection of gliomas in motor cortex [46]. In those patients 
for whom the two modalities could be correlated (17 of 22), 
there was 100% agreement between fMRI and ECS data 
within 1 cm.

Berman et al have combined motor ECS with DTI of 
motor fi ber tracts to visualize motor areas as well as their 
descending axons in patients with gliomas [47]. A few 
groups have described the use of DTI with fMRI to evaluate 
the motor cortex and its descending (pyramidal) tracts in 
patients with tumors near motor cortex [20,48–51]. Reliable 
integration of DTI datasets into standard neuronavigation 
systems, by co-registration of fi ber tract data with standard 
anatomic data, will greatly facilitate the routine use of this 
technology. Nimsky et al have described such integration 
of DTI data into a standard intraoperative neuronaviga-
tion system [52,53] and have recently used this technique 
to visualize the pyramidal tracts and optic radiations dur-
ing surgery in 16 patients [53]. Combining DTI with fMRI 
allows imaging of a particular functional area as well as its 
connections to other areas, non-invasively, prior to surgery.

Single pulse TMS (spTMS) has also been used to map 
motor cortex [38,54]. This technique, however, has not been 
widely used to date.

Several studies have shown altered motor maps in 
patients with lesions near motor areas. Yousry et al have 
found alterations in the cortical representation of the 
motor hand area in neurologically intact patients with 
space-occupying lesions near the central sulcus [45]. Using 
fMRI to study patients with tumors located in the vicinity 
of the motor strip, Krings et al found decreasing activa-
tion in primary motor cortex in proportion to the degree of 
preoperative hemiparesis [48]. They also noted increasing 
activation in secondary motor areas with increasing preop-
erative weakness. Motor cortex may also be frequently (and 
unpredictably) shifted by mass lesions. These accounts of 
the alterations of motor maps illustrate the potential but 
limited plasticity of the adult brain.

Language Lateralization
fMRI and Wada are used for language lateralization 

in patients with tumors of the frontal and temporal lobes. 
Wada testing with comprehensive language assessment 
[55] reliably lateralizes language function. Benbadis et al 
have demonstrated poor correlation between language 



lateralization based solely on speech arrest, when com-
pared to lateralization by Wada testing based on compre-
hensive language assessment and lateralization by fMRI 
in 12 patients with intractable epilepsy, suggesting that 
speech arrest alone is an unreliable method of preopera-
tive language lateralization [56]. Woerman et al compared 
language lateralization by fMRI and Wada in 100 patients 
with temporal lobe epilepsy (TLE) or extratemporal epi-
lepsy and found 91% concordance in the results of the two 
tests [57]. In their study, fMRI falsely categorized language 
lateralization in only 3% of left-sided TLE patients, but 
in 25% of left-sided extratemporal epilepsy patients. This 
large study using a simple word-generation task and a rapid 
(15 minute) acquisition time suggests that fMRI may reduce 
the need for Wada testing in TLE, but is less useful for lan-
guage lateralization in extratemporal epilepsy and hence 
may be less useful for language lateralization in patients 
with brain tumors.

Lehericy et al have demonstrated that frontal, not tem-
poral, asymmetry of language dominance correlated with 
Wada testing [58]. Further validation of fMRI for preopera-
tive language lateralization comes from studies demon-
strating atypical (bilateral or right-dominant) language 
dominance in 22–24% of non-right-handed subjects [59,60], 
in agreement with earlier fi ndings using Wada testing of 
left-handed epileptic patients [61]. Fernandez et al have 
recently demonstrated high within-test and test-retest 
intrasubject reproducibility for fMRI language lateraliza-
tion in patients with epilepsy [62]. Binder et al noted a lin-
ear relationship between the intensity of right hemispheric 
activation on fMRI and the severity of language defi cits 

observed on Wada testing of right-dominant individuals 
[63], suggesting a role for fMRI in predicting the severity of 
language defi cits in right hemisphere surgery in this popu-
lation and suggesting a possible advantage of fMRI with its 
graded output over the Wada test with binary output [64]. 
In addition to carrying fewer risks, fMRI has the advantage 
of taking less time and costing less than Wada testing [65].

Repetitive TMS (rTMS) is used to disrupt language 
processing [66,67] and may be used for the determination 
of language lateralization [68]. However, language later-
alization by rTMS does not correlate completely with Wada 
results [69].

Language Localization
Specifi c frontal and temporal language areas are essen-

tial for language function. While ECS can cause various 
speech disruptions with stimulation of both frontal and 
temporal cortex, different non-invasive functional mapping 
paradigms will preferentially demonstrate some language 
areas. Some of these areas can be preferentially activated 
with different protocols, such as frontal regions with word 
generation paradigms [58,60]. An observational technique 
like fMRI cannot distinguish essential from participat-
ing, but non-essential, areas. fMRI has not yet been well 
correlated with ECS in language localization studies [70] 
and so its use remains an adjunct as research efforts to 
improve its agreement with standard techniques continue. 
MEG has also been used for language localization; inter-
estingly, whereas fMRI most commonly highlights frontal 
language areas, MEG tends to demonstrate most robustly 
temporal language areas (Figure 23.3). This is an example 

FIG. 23.3. MEG maps obtained during 
a language task. Note location of dipoles 
primarily in the left temporal region.
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of why combining complementary techniques may be par-
ticularly useful.

ECS language mapping requires that the patient be able 
to cooperate in performing language tasks during an awake 
craniotomy [71]. Awake craniotomy for language mapping 
is typically performed using a combination of local anes-
thetic fi eld block and short acting general agents. Once the 
scalp, skull and dura are opened the sedation is allowed to 
wear off so that the patient may cooperate with behavioral 
testing. During testing, the patient is awake and asked to 
perform language tests such as counting or naming while 
the surgeon stimulates the cortical surface. Areas where 
cortical stimulation induces speech arrest or paraphasic
errors are considered essential for language function. In 
this method, ECS is employed as an inhibition technique 
causing disruption in normal neuronal fi ring. Haglund 
et al reported that, for 40 patients with dominant tempo-
ral gliomas without language defi cits preoperatively, 87% 
had no defi cits postoperatively using the above methods 
[72]. Even cooperative patients may have trouble maintain-
ing task performance over the course of the investigation. 
Awake craniotomy generally requires dedicated neuro-
anesthesia support and a suffi cient caseload to provide 
training and expertise and hence may not be available in 
many centers.

While fMRI protocols in current use have demonstrated 
excellent concordance with Wada testing for language later-
alization, correlation between pre- and postoperative fMRI 
and intraoperative cortical mapping remains inconsistent 
in studies. In a study of 14 right-handed patients with left 
hemisphere tumors, Roux et al [70] compared language 
areas activated by naming and verb generation tasks with 
intraoperative ECS speech mapping. Twenty-two language 
sites were identifi ed with cortical stimulation, fi ve of which 
were concordant with sites identifi ed by fMRI, but 17 of 
which were not associated with fMRI signal. Based on these 
fi ndings they conclude that while fMRI is a helpful adjunct, 
its failure to identify speech areas identifi ed by ECS in the 
operating room makes it insuffi cient to form the basis of 
critical preoperative decision-making prior to resection. 
Postoperative fMRI of a subset of their patients identifi ed 
language foci that correlated with those identifi ed intraop-
eratively with ECS in only six of eight patients examined, 
with complete agreement in only three of eight patients 
[70]. The authors note that sensitivity and specifi city of 
fMRI can be improved by combining data from both tasks, 
suggesting that modifi cation of the behavioral paradigms 
used could improve correlation with ECS data. fMRI does 
generally identify a greater number of language-associated 
areas, partly due to limited coverage of cortex by electrodes, 
and partly due to the fundamental differences between 
fMRI, an observational technique, and ECS, an inhibition 
technique [73]. This fi nding suggests that, in addition to 
being less sensitive, fMRI as presently performed may also 
be less specifi c for language mapping.

Memory Lateralization
Several groups have used fMRI to determine memory 

lateralization in patients with medically refractory medial 
temporal lobe (MTL) epilepsy and have also demonstrated 
good agreement with Wada testing [74–76]. This approach 
may also be helpful when planning resections of tumors 
in the medial temporal lobe, although this has not been 
studied.

Other Functional Localization
Both primary visual cortex and the visual pathways may 

be interrupted by surgery causing permanent visual fi eld 
loss. Tummala et al have used DTI of the optic radiations 
to facilitate complete resection of tumors with no post-
operative visual fi eld defi cit in two pediatric patients [77].

CONSIDERATIONS FOR SPECIFIC 
TUMOR TYPES

Many patients with primary tumors of the CNS have 
infi ltrative lesions, so resections are performed to obtain 
tissue diagnosis and for reduction of mass effect and dis-
ease burden, but generally not for cure. Thus, minimizing 
resultant neurologic defi cits and associated reduction in 
quality of life is paramount. Similarly, patients with brain 
metastases usually have limited life expectancy, so pallia-
tive surgery must not worsen existing symptoms or intro-
duce new defi cits.

Low-grade Gliomas
There are data to suggest that the degree of resection 

of low-grade gliomas correlates with long-term survival 
[78–82], although the evidence remains controversial [83,84]. 
Because low-grade gliomas can have a slow clinical course, 
when they are located within or near eloquent brain, the 
need to balance aggressive resection with postoperative 
morbidity, particularly in the neurologically intact patient, 
is heightened.

Preoperative fMRI has been widely used either alone 
[48,85–88] or in combination with ECS [4,42,89] or intra-
operative MRI [86] to map eloquent cortex in the vicinity of 
low-grade gliomas prior to resection. Due to their infi ltra-
tive nature, low-grade gliomas may have functional tissue 
within the tumor [90,91]. There is also some evidence that 
low-grade tumors may contain white mater tracts within 
the boundaries of the tumor [90]. Russel et al have found 
that resection of low-grade gliomas involving the supple-
mentary motor area (SMA) results in a higher incidence of 
transient weakness (SMA syndrome) than resection of high-
grade gliomas in the same region, presumably owing to the 
presence of more functional SMA cortex within the lower 
grade lesions [92]. Detailed and accurate functional imag-
ing is therefore particularly important for planning their 
resection.



High-grade Gliomas
Tumors of higher grade present a somewhat differ-

ent set of challenges. There is inconsistent evidence that 
degree of resection of glioblastoma multiforme (GBM) cor-
relates with time to progression and median survival [93]. 
However, with the best median survival times on the order 
of 1–2 years [93,94], time for postoperative recovery and 
duration of even transient defi cits are particularly relevant 
for GBM patients. The transient hemiparesis of the SMA 
syndrome, for instance [92], which usually resolves within 
weeks to months, could represent an unacceptable morbid-
ity in a patient with such a limited life expectancy.

The BOLD effect of fMRI may be affected by altered 
regional blood fl ow as is found in high-grade tumors of 
the CNS [95]. Higher-grade tumors are associated with 
hemodynamic-neural uncoupling; fMRI data must accord-
ingly be interpreted with this in mind. Perhaps owing in 
part to this effect, Liu et al have reported that BOLD fMRI 
activation volume in the SMA is affected by both tumor 
type (intra- versus extra-axial) and distance from motor 
cortex [96]. Edema surrounding the tumor can also affect 
the MRI signal. While a potential source of error in the 
interpretation of fMRI, this effect has been capitalized 
upon in DTI to distinguish between primary and metastatic 
brain tumors: in the area of edema surrounding a metas-
tasis, there in an increase in the diffusion of water along 
white matter (WM) tracts, whereas a decrease in diffusion 
is generally noted in primary brain tumors (see above), pre-
sumably owing to their infi ltrative nature [97–99]. DTI may 
also be used to image the effect of tumor on fi ber tracts 
(see above), as well as to measure early response to therapy 
in densely cellular tumors [100]. Metabolic imaging using 
FDG-PET or single photon emission computerized tom-
ography (SPECT) are commonly used to distinguish radia-
tion necrosis from tumor recurrence where MRI data are 
ambiguous [101].

Functional imaging may also be useful in monitoring 
the response of tumors to treatment. Henson et al [100] 
have suggested that the use of BOLD fMRI to measure oxy-
gen levels within tumors [102] could be used in monitor-
ing the effi cacy of agents that increase DNA damage from 
chemotherapy or radiation, currently under investigation 
in animal models [103].

INTRAOPERATIVE IMAGE-GUIDED 
SURGERY

The recent and rapid adoption of intraoperative neu-
ronavigation systems into neurosurgical practice has 
made image-guided intracranial surgery widely accessible. 
Extending the capabilities of these systems so that various 
functional mapping data can be integrated into the operat-
ing room environment will signifi cantly increase the clinical 
utility of these types of studies. In addition, the intraoperative 
3-dimensional display of multimodal preoperatively obtained 

functional information may be integrated with intraopera-
tive fi ndings from cortical mapping (Figure 23.4), allowing 
for further validation of the non-invasive techniques.

A problem common to the intraoperative use of pre-
operative mapping techniques is the failure to take into 
account brain shift following opening of the craniotomy 
fl ap and dura. Shifts of up to 24 mm at the cortical surface 
have been described [104]. Causes of brain shift include 
patient positioning and gravity, edema, administration of 
osmotic diuretics, drainage of CSF, retraction and resec-
tion [104–108]. Investigations of brain shift have further-
more revealed that displacement of the cortical surface and 
of deeper structures are uncorrelated [104,109]. Because 
of this, and because of the heterogeneity among lesions 
encountered in the operating room, intraoperative MRI 
(ioMRI) is necessary to address this problem by providing 
images of the brain during surgery [110]. Recently, multiple 
groups have put forward algorithms to update neuronavi-
gation systems with intraoperative MRI images following 
brain shift [104,105]. Continued advances in imaging and/
or modeling intraoperative brain shift and the application 
of these transformations to preoperative functional data-
sets will allow more accurate intraoperative information to 
be available to the surgeon.

In addition to adjusting preoperatively acquired images 
to compensate for brain shift, future prospects will include 
the intraoperative acquisition of functional data, such as 
intraoperative DTI and fMRI. Nimsky et al have demon-
strated the feasibility of intraoperative DTI to assess shift of 
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FIG. 23.4. Intraoperative view of integrated images including 
segmented tumor in the left temporal lobe, fMRI activations (blue) 
and intraoperative recording sites (yellow spheres). Negative 
intraoperative stimulation sites are represented by green spheres 
whereas positive sites are shown in red.
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white matter tracts [111]. By comparing preoperatively and 
intraoperatively acquired DTI data, the authors describe 
variable and sometimes marked shifting (from 8 mm inward 
to 15 mm outward) of white matter tracts during resec-
tion of adjacent mass lesions [111,112]. Schulder et al have 
described the use of low-fi eld intraoperative fMRI of motor 
cortex [113]. Intraoperative fMRI would be facilitated by the 
use of high fi eld strength systems (�1.5 Tesla) [114]. Gasser 
et al have demonstrated the feasibility of high fi eld intraop-
erative fMRI. The authors used peripheral sensory stimula-
tion and measured fMRI activation of sensory cortex, which 
was verifi ed with phase reversal of SSEPs [115]. The use 
of high fi eld strength ioMRI may allow the intraoperative 
acquisition of functional data, though this approach suffers 
from some of the limitations of intraoperative ECS such as 
invasiveness, lack of preoperative access to information 
and limited testing time. On the other hand, such a set-up 
will provide an unprecedented opportunity for brain func-
tional mapping modalities.

Current functional brain mapping techniques suffer 
from limitations in either temporal or spatial resolution, or 
are highly invasive. It follows that resolution and quality of 
data can be improved by integrating, or coregistering, data 
from multiple complementary sources [116], including 
conventional imaging data and neuronavigation systems 
[117,118]. While pre- and intraoperative coregistration of 
data from multiple functional mapping techniques has yet 
to fi nd its way into mainstream use, an increasing number 
of studies suggesting its utility may be found in the litera-
ture. For instance, Roessler et al recently used 3-Tesla fMRI 
and ECS to maximize resection of gliomas in motor cor-
tex with no permanent morbidity [46]. Neuronavigation-
integrated fMRI has been combined with intraoperative ECS 
to predict and minimize risk of new postoperative neuro-
logic defi cit in resection of tumors near motor cortex [119]. 

There will likely be an increased role for functional imag-
ing in guidance of minimally invasive techniques such as 
focused ultrasound (FUS), laser thermal ablation, stereo-
tactic radiosurgery (SRS), and other emerging techniques 
in patients with brain tumors.

New minimally invasive functional imaging tech-
niques, such as functional transcranial Doppler ultrasound 
imaging (fTCDs), are fi nding increasing use in preopera-
tive planning. Rihs et al have recently validated fTCDs for 
determination of language lateralization against Wada test-
ing and demonstrated the utility of fTCDs when patients 
may be unable to undergo Wada testing [120]. fTCDs have 
also been used to map areas involved in visual [121] and 
auditory [122] perception. Studies comparing the reliabil-
ity of less invasive methods to that of the more invasive, 
gold standard, techniques in current use will pave the way 
for increasingly non-invasive testing. As fMRI has revealed, 
non-invasive studies carry the advantage of applicability to 
more patient populations including children, repeatabil-
ity during a session, repeatability over the patient’s clinical 
course, and whole-brain coverage. In addition, the ability to 
prepare pre-procedure non-invasive functional brain maps 
will be particularly important as more minimally invasive 
treatments are developed.

The combination of functional imaging with conven-
tional imaging, image-guidance and intraoperative imaging 
systems will lead to our ability to perform more complete 
and precise resections of lesions while preserving neuro-
logical functions. Functional brain mapping stands eventu-
ally to change the way intracranial processes are treated by 
creating a road map of brain function that not only defi nes 
eloquent ‘no-go’ areas, but also illuminates potential func-
tional targets. Such a non-invasively obtained road map 
will be critical to the development of minimally invasive 
therapies.
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INTRODUCTION
The clinical application of ionizing radiation (IR) 

was recognized soon after the discovery of x-rays. Since 
then, the discipline of radiation oncology has become an 
indispensable part of modern oncology. The tumoricidal 
effect of ionizing radiation is derived primarily from the 
induction of DNA damage beyond the cellular capacity 
for repair. In its initial clinical applications, radiation was 
delivered to both the normal and cancer tissues. The ther-
apeutic effi cacy was based on the increased DNA repair 

capacity of normal cells relative to tumor cells when 
repeatedly exposed to small doses of radiation. This form 
of radiation treatment became known as radiotherapy 
(Figure 24.1A).

With advances in stereotactic neurosurgery, non-invasive 
neuroimaging and radiation physics, it has become possible 
selectively to irradiate a defi ned tumor volume with relative 
sparing of surrounding normal tissues. This is achieved 
by converging multiple, non-parallel radiation beams 
(Figure 24.1B). Because the method was largely developed 

CHAPTER 24

Stereotactic Radiosurgery: Basic 
Principles, Delivery Platforms 

and Clinical Applications
Clark C. Chen, Paul H. Chapman, Marc Bussiere and Jay S. Loeffl er

FIG. 24.1. Radiotherapy and radiosurgery. (A) In radiotherapy, radiation is delivered to both normal and cancer tissues. The thera-
peutic effi cacy is derived from the increased DNA repair capacity of normal cells relative to tumor cells when repeatedly exposed to small 
doses of radiation. In the illustration, the dashed line represents the radiation fi eld. The solid square represents the intracranial space. The 
striped circle represents the tumor volume. In this theoretic illustration, both the tumor and the normal tissue receive 2 Gy of ionization 
radiation. (B) In radiosurgery, multiple, non-parallel radiation beams are converged on the tumor volume. The radiation received by 
the normal tissue in each beam path is minimal relative to the point of beam convergence. In this illustration, the dashed line represents 
the radiation fi eld. The solid square represents the intracranial space. The striped circle represents the tumor volume. The tumor volume 
receives 8 Gy of radiation from four radiation sources while the surrounding tissues receive signifi cantly lower doses of radiation.
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by neurosurgeons and because the expertise required was 
analogous to the skills required for microsurgery, this prac-
tice became known as radiosurgery.

The following chapter will review the principles of radio-
surgery. Different methods of administering radiosurgery 
(gamma knife, linear accelerator (LINAC) based radiosurgery 
and proton beam radiosurgery) are also reviewed. Clinical 
applications of radiosurgery (cerebral metastasis, meningi-
omas, acoustic neuromas, pituitary adenomas and gliomas) 
will be discussed. Finally, principles of neuroimaging as they 
relate to radiosurgery will be reviewed.

DEFINITION OF RADIOSURGERY

Conventional Radiotherapy
In conventional radiotherapy, small doses of radiation 

are administered in daily sessions to both the normal and 
cancerous cells. The therapeutic effi cacy of radiotherapy is 
derived from the increased radiation resistance of the nor-
mal tissues relative to the cancer cells. Typically, 1.5–2.0 Gy 
in daily sessions with total cumulative doses of 30–60 Gy are 
administered. Daily doses exceeding 2.0 Gy are associated 
with increased radiation toxicity [1].

Radiosurgery
Radiosurgery, on the other hand, refers to the delivery 

of a single, high dose radiation dose to a defi ned lesion. As 
originally proposed by Dr Lars Leksell [2], this is achieved by 
converging multiple, non-parallel radiation beams on the 
target and minimizing radiation received in each individ-
ual beam path. The therapeutic effi cacy is derived from the 
sharp dose fall off immediately outside of the treatment vol-
ume. Typically, the marginal dose delivered in a single ses-
sion ranges from 11 Gy (for the treatment of benign lesions) 
to 70 Gy (for thalamotomy in the treatment of movement 
disorders) [3,4].

Hypofractionated Radiotherapy
Radiosurgery and conventional radiotherapy defi ne two 

extremes in a continuum of potential fractionation schemes. 
This continuum, where doses �2.0 Gy are administered over 
�25 sessions, are termed hypofractionated radiotherapy. 
The rationale for the various hypofractionated regimens is 
based on mathematical extrapolations and the effi cacy of 
these regimens awaits clinical confi rmation. These regimens 
range from weekly doses of 4–5 Gy with a cumulative dose of 
20 Gy [5] to doses of 8 Gy separated by 8 hours summing to 
24 Gy in one day [6].

Hypofractionated radiotherapy needs to be distin-
guished from multistage radiosurgery. In the latter, a differ-
ent region of the target is irradiated in each session and the 
sessions are separated by time intervals of 3 to 12 months 
[7]. In the former, the entire target volume is repeatedly 

radiated during treatment sessions separated by hours to 
weeks.

PRINCIPLES OF RADIOSURGERY

General Introduction
Radiosurgery is administered by converging multiple, 

non-parallel beams of radiation on the target [2]. The radia-
tion received by the normal tissue in each beam path is mini-
mal relative to the point of beam convergence. As an analogy, 
if each person in an unlit, crowded stadium holds a fl ashlight 
and points the light such that they converge at a single point, 
the point of convergence will be bright while the entire sta-
dium remains dark.

Prerequisites for radiosurgery include the ability to 
delineate precisely the diseased tissue from the surround-
ing parenchyma, a detailed understanding of the pertinent 
neuroanatomy and the technology to deliver reliably highly 
conformation radiation. These prerequisites mandate a close 
collaboration between radiation oncologists, neurosurgeons 
and medical physicists in the planning and administration of 
radiosurgery.

Principles Guiding Clinical Practice 
of Radiosurgery

The practice of radiosurgery is guided by three general 
principles. These principles involve evaluating the target 
lesion with regard to its size, relationship to radiosensitive 
cranial nerves and its location in terms of regional anatomy. 
These principles are discussed below.

Size of the Lesion
One of the key principles of radiosurgery is that as the 

size of the irradiated target increases, the undesired radia-
tion of the surrounding non-target tissue also increases. This 
phenomenon can be illustrated using the analogy of fl ash-
lights in a dark stadium. Recall, illumination of a small area 
in an unlit stadium can be achieved by converging multiple 
sources of fl ashlights. To illuminate a larger area, either more 
intense or larger fl ashlights will be needed. Consequently, 
areas outside of the target will receive more illumination. 
Similarly, undesired radiation of non-target tissues increases 
with radiosurgery of larger lesions.

The clinical impact of this geometric inevitability is 
magnifi ed by the higher doses of radiation delivered in radio-
surgery. A dose escalation study by the Radiation Therapy 
Oncology Group (RTOG 90-05) defi ned the maximally 
tolerated radiosurgical dose in the treatment of cerebral 
metastasis as a function of the tumor size [8]. This study rec-
ommended doses of 24, 18 and 15 Gy for lesions less than or 
equal to 2 cm, 3 cm and 4 cm in the largest diameter, respec-
tively. These recommendations limited treatment-related 
morbidity to �20%. Radiosurgery of lesions �4 cm is associ-
ated either with an unacceptable level of radiation toxicity or 
an ineffectual radiation dose.
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Proximity to Cranial Nerves
Another principle of radiosurgery is that close proxim-

ity of the target to radiosensitive cranial nerves may expose 
these structures to suffi cient damage and cause cranial neu-
ropathy. In general, cranial nerves II and VIII appear highly 
sensitive to radiation relative to the other cranial nerves. 
Radiotherapy should be given consideration in cases where 
radiosurgery may jeopardize the functional status of the 
radiosensitive nerves [3,9–11].

Radiation sensitivity of the optic apparatus is likely a 
complex interaction between the intrinsic condition of the 
nerve (i.e. whether it had incurred damage from previous 
surgery or radiation), the total volume irradiated and the 
dose received [12,13]. As a fi rst step to understand this com-
plex interaction, several studies have focused on identifying 
the maximal radiosurgery dose tolerated by the optic appa-
ratus. Tishler et al reported that in a series of 64 patients 
treated with radiosurgery for cavernous sinus lesions, four 
out of 17 patients (24%) receiving �8 Gy to any part of the 
optic apparatus developed visual complications, as com-
pared to none out of 35 receiving �8 Gy [14]. In another 
series of 215 patients, Stafford et al reported four patients 
who developed optic neuropathy after radiosurgery of 
cavernous sinus lesions [11]. Of these patients, only one 
had not received prior radiotherapy or radiosurgery. This 
patient received 12.8 Gy to the optic apparatus. The remain-
ing three received prior radiotherapy in addition to radio-
surgery of 7–10 Gy (59 Gy � 7 Gy; 45 Gy � 9 Gy; and 50.4 Gy 
� 9 Gy � 12 Gy). Finally, Pollock et al [15] reported the inci-
dence of optic neuropathy after 8 Gy to the optic chiasm to 
be 3% (1/38). Extrapolating from these data, radiosurgery 
is generally avoided when radiation to any part of the optic 
apparatus exceeds 10 Gy.

Assessment of the radiosensitivity of cranial nerve VIII is 
highly problematic since it is almost always radiated in the 
context of acoustic neuroma treatment. As such, it is impos-
sible to distinguish between damage intrinsic to the disease 
process, induced by the radiation treatment, or some combi-
nation thereof. Further, most radiotherapy and radiosurgery 
series fail to document detailed audiologic assessments prior 
to and after treatment. To our knowledge, only three studies 
carried out such careful audiologic assessment [9,10,16]. Ito 
et al reported that 69% of patients who underwent radiosur-
gery (16.8 Gy median dose) for acoustic neuroma exhibited 
pure tone average (PTA) elevation of �20 decibels (dB), sug-
gesting hearing loss after treatment [9]. Similarly, Paek et al 
[16], reported that 64% of patients (16/25) with serviceable 
hearing pretreatment suffered hearing loss of �20 dB after 
radiosurgery (12 Gy at 50% isodose). These results are gener-
ally consistent with other studies where qualitative assess-
ments of hearing preservation were performed [17–19]. In 
sum, the probability of cranial VIII dysfunction (as measured 
by loss of hearing) after radiosurgery (12 Gy marginal dose) 
for acoustic neuroma is approximately 60%.

Other cranial nerves appear more resilient to radio-
surgery. Neuropathy of cranial nerves III–VI has not been 

reported for doses �15 Gy delivered to the cavernous sinus 
[14]. Doses of 15–40 Gy to the cavernous sinus are associated 
with a 10–15% incidence of cranial nerve III–VI neuropathy. 
Cranial nerve VII routinely receives doses of 11–15 Gy in 
acoustic neuroma radiosurgery. In a series of 829 patients 
followed for 10 years after acoustic neuroma radiosurgery, 
the incidence of facial neuropathy is less than 1% [20]. Zero 
to 2% cranial neuropathy of cranial nerves IX–XI has been 
reported after radiosurgery (8–12 Gy) of jugular foramen 
schwannomas or skull base meningiomas [21–24]. In sum, 
lesions in proximity to cranial nerves III, IV, V, VI, VII, IX, X 
and XI, bear less consideration in radiosurgery planning.

Regional Cerebral Anatomy
The fi nal principle of radiosurgery is that post-treatment 

morbidity is a function of the regional anatomy. Flickinger 
et al reviewed 332 patients with arteriovenous malforma-
tion (AVM) treated with radiosurgery and correlated the risk 
of post-treatment neurologic injury to the volume of irra-
diation, as well as the location of the lesion [25]. It was not 
surprising that the volume of parenchyma receiving 12 Gy 
radiation directly correlated with the risk of post-treatment 
neurologic defi cit. More importantly, the study demon-
strated that the risk of radiosurgical morbidity depended on 
the region irradiated. For instance, 12 Gy irradiation of the 
basal ganglia/thalamus region was associated with approxi-
mately 20% morbidity. The same irradiation of the frontal, 
temporal or parietal lobe was associated with a �1% mor-
bidity. Of note, the various regions at high risk to radiosur-
gery can be safely irradiated by stereotactic radiotherapy.

As another illustration of the importance of regional 
anatomy, radiosurgery of lesions in proximity of the cer-
ebrospinal fl uid (CSF) space is associated with an increased 
risk of post-treatment hydrocephalus. For instance, roughly 
10% of patients with vestibular schwannoma develop 
communicating hydrocephalus after radiosurgery [26]. 
The etiology of the hydrocephalus is unclear, though 
many investigators attribute the phenomenon to CSF mal-
absorption secondary to tumor necrosis. Understanding 
the regional anatomy as it pertains to the risk of hydroceph-
alus is a prerequisite for timely neurosurgical intervention.

As a fi nal example, irradiation of the pituitary/
cavernous sinus region often involves the intracavernous 
segment of the internal carotid artery (ICA). The risk of ICA 
stenosis after radiosurgery is small but fi nite. In the over 
1400 reported cases of pituitary/cavernous sinus lesions 
treated with radiosurgery, four cases of ICA stenosis have 
been noted [15,27,28]. To avoid such complications, Pollock 
et al recommended that the prescription dose be limited 
to �50% of the ICA vessel diameter [15]. Shin et al recom-
mended restricting the dose received by the ICA to �30 Gy 
[29]. It should be noted that these recommendations are 
somewhat arbitrary. Nevertheless, caution with regard to 
the exposure of the ICA is warranted, especially in cases 
where the ICA is compromised by mass compression. In 
contrast, the cerebral venous structures appear highly 
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resistant to the effects of radiation. No cases of post-
radiosurgery sinus scarring/thrombosis have been reported 
to date.

PLATFORMS FOR RADIOSURGERY

Photon and Proton Radiosurgery
Radiosurgery can be administrated using photon or 

proton as the element of energy transfer. The following sec-
tions will review the basic physical properties of these ele-
mentary particles, as well as the various platforms designed 
to deliver them.

Modern physics revealed the energy in gamma or 
x-irradiation could be conceptualized as discrete pack-
ets (the complexity of the wave particle duality will not 
be discussed in this chapter). These energy packets are 
termed photons. Since both gamma- and x-rays are made 
up of photons, they share identical physical properties. The 

difference between these two forms of radiation lies in the 
method by which the photons are produced. The photons 
in gamma rays are derived from the natural decay of unsta-
ble nuclei, whereas the photons in x-rays are produced by 
linear accelerators. Gamma rays are used in Gamma Knife 
radiosurgery, whereas x-rays are used in LINAC radiosur-
gery. Since photons are used as the source of radiation in 
both Gamma Knife and LINAC radiosurgery, it is not sur-
prising that the clinical effi cacies of these modalities are 
comparable [30].

The physical properties of protons, on the other hand, 
contrast those of photons. A proton beam is generated 
by stripping an atom of its electron and accelerating the 
residual proton in the magnetic fi eld of a cyclotron or a 
synchrocyclotron [31]. The energy distribution of a proton 
beam consists of a slowly rising dose, a rapid rise to a maxi-
mum (Bragg peak) and a fall to near zero (Figure 24.2). This 
contrasts the exponential decay of photons.

FIG. 24.2. Physical characteristics of proton and photons. (A) Depth dose curve for an unmodulated proton beam, 10 MeV pho-
ton radiation and spread-out Bragg peak (SOBP) proton radiation. The dose distribution of a proton beam consists of a slowly rising 
dose, a rapid rise to a maximum (also known as the Bragg peak), followed by a fall to near zero. As a result, a signifi cant portion 
of the beam energy is deposited in a small volume. In contrast, the energy deposition of photon irradiation is dictated by the laws of 
exponential decay and is distributed over a larger volume. Because of the sharpness of the Bragg peak, a single monoenergitic proton 
beam will only irradiate an area approximately the size of a pituitary gland. Irradiation of larger targets is achieved by superimpos-
ing proton beams of different energies. The end result of this superposition is known as the spread-out Bragg peak (SOBP). (B, C) 
Comparative treatment plans for a large acoustic neuroma using proton radiosurgery (B) and conformal photon radiosurgery (C). The 
various isodose lines are as indicated in the right upper corner of each panel. The comparison reveals that proton radiosugery mini-
mizes irradiation of the non-target tissues relative to photon radiosurgery.
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Because of the sharpness of the Bragg peak, a sin-
gle monoenergitic proton beam will only irradiate an area 
approximately the size of a pituitary gland. Irradiation of 
larger targets is achieved by superimposing proton beams 
of different energies. By doing so, the Bragg peaks can be 
manipulated to generate a moderate entrance dose, a uni-
formly high dose within the target tissue and a zero dose 
beyond the target (see Figure 24.2). Clinically, the unique 
property of protons translates into less integral doses to the 
patient when compared to photon-based treatment, partic-
ularly in the treatment of larger sized lesions [32].

Relative to photon radiosurgery, proton radiosurgery 
represents a recent technological innovation. As such, access 
to proton radiosurgery remains limited. For instance, there 
are currently 23 clinical proton radiotherapy facilities world-
wide, with three centers available in the USA. Of these cent-
ers, less than half offer radiosurgery as a therapeutic option. 
In contrast, there are approximately 200 gamma knife cent-
ers worldwide and many more LINAC based radiosurgery 
programs [33].

Gamma Knife
The Gamma Knife system is a platform for the deliv-

ery of photon-based radiosurgery. The device consists of 
an 18 000 kg shield surrounding a hemispheric array of 201 
cobalt 60 sources (Figure 24.3). The sources are oriented 
such that all 201 beams converge at a single point (also 
known as the isocenter of the Gamma Knife). This array pro-
duces a target accuracy of 0.1–1 mm [34], which is at least as 
good as the best possible lesion delineation with the current 
imaging technology. Prior to treatment, a stereotactic head 
frame is placed on the patient to guide the radiosurgery 
planning, as well as to achieve patient immobilization dur-
ing the treatment session.

Linear Accelerator (LINAC) Radiosurgery
LINAC is another platform that delivers photon-based 

radiosurgery. Instead of using an array of fi xed cobalt 
sources, LINAC radiosurgery utilizes multiple non-coplanar 
arcs of radiation that intersect at the target volume (Figure 
24.4). The general principle of LINAC is otherwise identical 
to that of Gamma Knife radiosurgery. LINAC based devices 
achieve target accuracy of 0.1–1 mm [34]. Similar to Gamma 
Knife radiosurgery, a stereotactic head frame is placed on 
the patient prior to LINAC radiosurgery.

CyberKnife
The CyberKnife device combines a mobile linear accel-

erator with an image-guided robotic system (Figure 24.5). 
Thus, it is yet another platform for the delivery of photon-
based radiosurgery. In this system, the placement of a stereo-
tactic head frame is not required. Prior to the CyberKnife 
treatment, CT images are taken to defi ne the spatial relation-
ship between the patient’s bony anatomy and the target vol-
ume. During the actual treatment, patient movements are 
monitored by the system’s x-ray cameras. The images from 
these cameras are compared to the pre-treatment CT scan. 
Based on calculations derived from these comparisons, 
the mobile linear accelerator is maneuvered in response 
to changes in patient position. Less than 1 mm accuracy is 
achieved using this system [35].

Proton Beam Radiosurgery
Proton delivery systems are not compact like conven-

tional LINAC or Gamma-knife units. Until recently, medicinal 
applications of protons were done using retrofi tted equip-
ments and fi xed beam portals [36]. At the Massachusetts 
General Hospital (MGH), we have developed two devices 
designed specifi cally for proton radiosurgery. The fi rst is 

196 C H A P T E R  2 4  •  S T E R E O TA C T I C  R A D I O S U R G E R Y

FIG. 24.3. Gamma Knife radiosurgery. (A) The Gamma Knife device (Electa™) consists of an 18 000 kg shield surrounding a hemi-
spheric array of 201 cobalt 60 sources. (B) The sources are oriented such that all 201 beams converge at a single point (also known 
as the isocenter of the Gamma Knife).
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the STAR device (stereotactic alignment for radiosurgery 
apparatus; Figure 24.6). With the STAR device, the patient is 
placed in an immobilizing head frame attached to a couch 
apparatus that can be rotated relative to a fi xed beam por-
tal. To mobilize the beam source, we have also developed a 
device where a beam source is mounted on a rotating gantry 
(Figure 24.7). In both the STAR and gantry device, the target 
accuracy is on the order of 0.1 mm.

Because of the small number of facilities available, 
clinical judgment must be exercised in patient selection for 
proton radiosurgery. In general, treatments of small (�10 ml 
in volume), spherically shaped lesions that are not in prox-
imity to critical anatomic structures, in eloquent regions, in 
deep subcortical areas, or in previously radiated volumes 
do not require proton radiosurgery. In most of these cases, 
equally effi cacious results can be attained with photon 

FIG. 24.4. LINAC radiosurgery. (A) A 
LINAC apparatus. The source of radiation 
can be rotated relative to the treatment 
couch. (B) Schematic depiction of mul-
tiple non-coplanar arcs of radiation that 
intersect at the target volume.

A B

FIG. 24.5. Cyberknife radiosurgery. The CyberKnife device (Accuray™) combines a mobile linear accelerator with image-guided 
robotic system. During the treatment, patient movement is monitored with minimal time lag by the system’s low-dose x-ray cameras. 
These planar images are compared to digitally reconstructed radiographs derived from the pretreatment CT scan. Based on calcula-
tions derived from these comparisons, the computer-controlled robotic arm maneuvers the mobile linear accelerator in response to any 
changes in patient position during treatment. 1: Diagnostic x-ray tubes; 2: mobile LINAC; 3: camera; 4: couch; 5: robotic arm.
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FIG. 24.6. The STAR (stereotactic alignment radiosurgery) system at the MGH Northeast Proton Therapy Center (MGH-NPTC). An 
isocentric patient positioning device designed to rotate the patient around a fi xed proton beam line. The unit has fi ve degrees of free-
dom, three linear and two rotations. Using these axes of movement, the patient is positioned such that the target lesion is at the center 
of the beam isocenter.

FIG. 24.7. The proton gantry sys-
tem at the MGH Northeast Proton 
Therapy Center (MGH-NPTC). An iso-
centric gantry with a mobile proton 
beam source is used in conjunction 
with a robotic patient positioning treat-
ment couch. The robotic unit has six 
degrees of freedom, three linear and 
three rotational. The patient is posi-
tioned to place the target lesion at the 
center of beam isocenter.
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radiosurgery. Patients with poor expected survival are also 
unlikely to derive additional benefi t from proton radiosur-
gery, since delayed radiation toxicity develops years after 
treatment.

CLINICAL EFFICACY OF RADIOSURGERY
In general, surgically accessible brain tumors with sig-

nifi cant mass effect or peri-tumoral edema are best treated 
by resection. Radiotherapy and radiosurgery represent ther-
apeutic options for poor surgical candidates or surgically 
inaccessible lesions. In the ensuing section, the common 
applications of radiosurgery in neuro-oncology, including 
the treatment of cerebral metastases, meningiomas, acous-
tic neuromas, pituitary adenomas and gliomas, will be 
reviewed. In selected cases, the effi cacy of radiosurgery will 
be compared to that of radiotherapy.

Cerebral Metastases
Cerebral metastases constitute 30–40% of all intracra-

nial tumors [37,38]. The natural history of cerebral metas-
tases is one of aggressive and rapid growth. Despite the 
tremendous histologic heterogeneity, cerebral metastatic 
disease, as a whole, carries a very poor prognosis. Without 
intervention, mortality is expected 1–2 months after the 
diagnosis [39]. The addition of surgery, chemotherapy, and 
whole brain radiation therapy (WBRT) extends median sur-
vival by only 2–4 months [40].

The observation that metastases resistant to WBRT (e.g. 
sarcoma, melanoma and renal cell carcinoma) respond to 
radiosurgery [41,42] led to several retrospective series and 
three randomized trials investigating the use of radiosur-
gery as an adjuvant therapy to WBRT [30,43–45]. The sum 
of this body of work suggests that radiosurgery is an effec-
tive means of augmenting WBRT in preventing intracranial 
tumor growth. However, the patients treated eventually die 
of systemic disease progression. Consequently, while local 
control is improved by the combination therapy, patient 
survival remains unaffected (Table 24.1). The following rep-
resents a brief summary of the three randomized trials.

RTOG 95-08 [30] randomized 331 patients with one to 
three metastases that were �4 cm to WBRT (164 patients) 

and combined WBRT/radiosurgery (167 patients). Chougule 
et al [43], randomized 73 patients with one to three brain 
metastases with tumor volume �30 ml and a minimum life 
expectancy of 3 months to WBRT (36 patients) and com-
bined WBRT/radiosurgery (37 patients). Kondziolka et al 
[44] randomized 27 patients with two to four brain metas-
tases �2.5 cm to WBRT (14 patients) and combined WBRT/
radiosurgery (13 patients). In all three studies, no statisti-
cally signifi cant difference in median survival was observed 
between the treatment arms. However, the local control 
rate at the 1-year follow-up was consistently superior in the 
WBRT/radiosurgery arm (82–92%) relative to the WBRT arm 
(0–71%, P�0.05). The discrepancy between patient survival 
and local control was due to death from systemic disease 
progression.

Additionally, the RTOG 95-08 study [30] revealed that 
patients undergoing WBRT/radiosurgery treatment were 
more likely to have stable/improved neurologic function, 
as well as decreased steroid use at the 6-month follow-up. 
In all three studies, no statistically signifi cant difference in 
short-term toxicity was observed between the treatment 
arms. While WBRT is associated with cognitive impairment 
7–10 years after treatment [46,47], very few patients with 
brain metastases achieve such survival. Only in this sub-
set of patients (e.g. patients receiving tamoxifen for estro-
gen receptor (ER)� breast cancer) will the ramifi cations of 
WBRT be pertinent.

In addition to its role as an adjuvant therapy to WBRT, 
radiosurgery is also proposed as a standalone therapy for 
cerebral metastases. In this regard, two randomized trials, a 
prospective study, as well as several retrospective series have 
been conducted [43,45,48–51]. These studies, in aggregate, 
suggest that radiosurgery is an effective means of controlling 
tumor growth in the volume treated. However, unlike WBRT, 
radiosurgery fails to address the micrometastasis outside of 
the treatment volume. As such, metachronous tumor growth 
is often observed in the absence of WBRT. Nevertheless, with 
diligent monitoring, timely salvage therapy can be adminis-
tered (either in the form of WBRT or radiosurgery) to attain 
patient survival comparable to that achieved by up-front 
WBRT/radiosurgery.

TA B L E  2 4 - 1  Randomized clinical trials of whole brain radiotherapy versus combined whole brain radiotherapy/radiosurgery 
treatment

Studies Number of patients Number of metastases Size of metastases Median survival Local control
   (cm) (months) (%)

RTOG 95-08, 167/164 1–3 �4  6.5 versus 5.7  82 versus 71
2004 [30]    (P � 0.1) (P � 0.05)

Kondziolka   14/13 2–4 �2.5  11 versus 7  92 versus 0
et al, 1999 [44]      (P � 0.22) (P � 0.005)

Chougule   37/36 1–3 �3  7 versus 9   91versus 62
et al, 2000 [43]     (P � 0.05) (P � 0.05)
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The two randomized trials that examined the effi cacy 
of radiosurgery as a standalone treatment (Table 24.2) 
included the JROSG99-1 trial [48] (patients with KPS�70, �4 
metastases �3 cm in diameter) and the study by Chougule 
et al [43], (patients with one to three brain metastases with 
tumor volume �30 ml and a minimum life expectancy of 
3 months). In JROSG99-1, a slight superiority in the 1-year 
local control rate was observed in the WBRT/radiosurgery 
arm (86 versus 70%, P � 0.01). In the Chougule study, how-
ever, the radiosurgery and WBRT/radiosurgery arms yielded 
comparable 1-year local control rate (87 versus 91%). 
Overall, these results suggest that radiosurgery is effective in 
controlling the growth of cerebral metastases. This conclu-
sion was further substantiated by a prospective single-arm 
study, where a 91% local control rate was achieved one year 
after radiosurgery, as well as by several other retrospective 
series [45,49].

Because micrometastasis, invisible on imaging modali-
ties, cannot be treated without WBRT, the risk of meta-
chronous cancer growth is signifi cantly higher in patients 
receiving radiosurgery alone. In JROSG99-1, freedom from 
new intracranial metastases was 82% in the combined treat-
ment arm versus 48% in the radiosurgery arm [48]. However, 
with diligent monitoring, timely salvage therapy can be 
administered (either in the form of WBRT or radiosurgery) 
to attain patient survival comparable to that achieved by 
upfront WBRT/radiosurgery [51]. Given the long-term cog-
nitive impairment associated with WBRT [46], sequential 
radiosurgeries without WBRT may be appropriate for a sub-
set of cancer patients.

Meningiomas
Meningiomas comprise 15–20% of all adult intracra-

nial tumors. Excluding the rare atypical (WHO grade II) and 
malignant meningiomas (WHO grade III), the natural his-
tory of meningioma (WHO grade I) is one of slow growth 
over an extended period of time. While the kinetics of men-
ingioma growth is likely complex and non-linear, extrapola-
tion from retrospective series suggest an average growth rate 
of 0.8–5 ml per year [52]. On average, the time required for 
tumor volume doubling ranges from 1 to 140 years. Despite 

this broad range, most meningiomas grow at a very slow 
pace. Only 20–30% of all meningiomas exhibit doubling 
time of �5 years. These faster growing meningiomas tend 
to occur in younger patients [52,53]. Given the slow growth 
rate, observation is the treatment of choice for asympto-
matic meningiomas without evidence of growth.

When surgically accessible, the treatment of choice for 
symptomatic or progressively enlarging meningiomas is 
resection. The effi cacy of surgery is proportional to the extent 
of resection. This relationship is formalized by the Simpson 
grade [54]. Simpson grade 1 refers to complete tumor exci-
sion, including the affected dura and bone. In Simpson grade 
2, complete excision of the tumor mass is achieved without 
removal of the affected bone. The affected dura is cauterized 
but not removed. In grade 3, no visible tumor remains after 
the resection, but the affected bone/dura is not removed 
or cauterized. Simpson grade 4 refers to cases where vis-
ible residual tumor remains after resection. Simpson grade 
5 refers to surgical biopsies without intent of tumor resec-
tion. At 8–10-year follow-up, the proportion of patients suf-
fering tumor recurrence after Simpson grade 1, 2, 3, 4 and 5 
resections of WHO grade I meningiomas are approximately 
5–10%, 20%, 30%, 40% and 90%, respectively [54–56]

Radiotherapy and radiosurgery are used for treatment of 
partially resected or unresectable meningiomas. Unlike sur-
gery, where the mass effect can be reversed by debulking, the 
goal of radiation treatment is to arrest or delay tumor growth, 
though tumor shrinkage is occasionally observed [21,22,57–
61]. The currently available data (Table 24.3) suggests that 
radiotherapy and radiosurgery are equally effi cacious in 
controlling the growth of meningiomas. Moreover, the risk 
of post-treatment morbidity is comparable between these 
modalities. For surgically inaccessible or residual meningi-
omas (WHO grade I), conventional radiotherapy achieves 
local control rates of 76–98% at 5 years and 77–98% at 
10 years. Complications following radiotherapy ranges 
are 3.3–10% [57–60]. With radiosurgery, local control rates 
are 93–98% at 5 years and 89–98% at 10 years [21,22,61]. 
Complication following radiosurgery ranges are 2.5–5.5%.

These studies suggest that the effi cacy of radio-
therapy and radiosurgery in the treatment of WHO grade I 

200 C H A P T E R  2 4  •  S T E R E O TA C T I C  R A D I O S U R G E R Y

T A B L E  2 4 - 2  Studies comparing radiosurgery and combined whole brain radiotherapy/radiosurgery treatment

Studies Number of patients Number of metastases Size of metastases Local control Freedom from new 
   (cm) (%) metastasis (%)

JROSG99-1, 61/59 1–4 �3  70 versus 86  48 versus 82
2004 [48]    (P � 0.01) (P � 0.003)

Chougule  37/31 1–3 �3  87 versus 91  Not reported
et al, 2000 [43]     (P � 0.05)

Lutterbach  101 1–3 �3  91 51
et al, 2003* [49]

*Single arm prospective study.



meningiomas is comparable to that achieved by a Simpson 
grade 1 resection. As such, meningiomas located in regions 
where Simpson grade 1 resection cannot be safely achieved 
(e.g. meningiomas of the cavernous sinus or other skull 
base locations), radiosurgery/radiotherapy should be 
considered [56]. However, for surgically accessible men-
ingiomas in the areas of the convexity, falx and parasagit-
tal region, complete resection should be the treatment of 
choice since radiotherapy and radiosurgery of these regions 
are often associated with signifi cant peritumoral edema 
and neurologic morbidity [3].

Acoustic Neuromas
Acoustic neuromas, also known as vestibular schwan-

nomas, are benign tumors that arise from the Schwann 
cells associated with the eighth cranial nerve. They account 
for 6% of all intracranial tumors [37]. The natural history 
of acoustic neuromas, like that of meningiomas, is one 
of slow growth. The average growth rate of an acoustic 
neuroma is estimated to range from 0.6 to 7 mm per year 
[62–64]. Of note, cyclic fl uctuations in size (e.g. growth fol-
lowed by regression or vice versa) have been noted in up 
to 60% of the tumors [64]. However, tumor growth demon-
strated by more than two sequential scans is highly predic-
tive of future growth [63].

Historically, surgical resection has been the treatment 
of choice for acoustic neuromas. Two important goals of 
acoustic neuroma surgery are facial nerve and hearing pres-
ervation. The likelihood of achieving these goals is largely a 
function of the tumor size [65,66]. Ninety-three to ninety-
seven percent of patients with small tumors (�2 cm) have 
satisfactory (normal or slight weakness on close inspection) 
facial nerve function postoperatively. Thirty-fi ve to thirty-
nine percent of patients with large tumor (�2 cm) have 
serviceable hearing preservation postoperatively [65,66]. 
Other surgical complications associated with acoustic 
neuroma resection include cerebrospinal fl uid (CSF) leak 
(9–15%), trigeminal neuropathy (0–5%), lower cranial nerve 

palsy (0–3%), wound or CSF infections (0–3%) and brain-
stem injury (0–1%). The incidence of tumor growth after 
resection ranges from 0–9% [65,66].

In recent years, radiosurgery has emerged as an alter-
native to microsurgical resection for small acoustic neu-
romas (�3 cm). In the largest series reported to date (827 
patients), radiosurgery of acoustic schwannoma achieved 
a local control rate of 97% at the 10-year follow-up [20]. 
Other series have reported local control rates of 87–95% 
at the 10-year follow-up [17–19,67–71]. The incidence 
of facial neuropathy following radiosurgery ranges from 
1–5%. Serviceable hearing preservation ranges from 13–40%. 
Trigeminal neuropathy ranges from 1–3%. The effi cacy 
of surgical resection and radiosurgery, therefore, appears 
comparable [17,18], with one notable exception. Post-
treatment hydrocephalus is rarely observed after micro-
surgical resection but is observed in 10–15% of the patients 
after radiosurgery [26].

Stereotactic radiotherapy is another option for the treat-
ment of acoustic neuromas. The effi cacy of radiotherapy in 
terms of local control is comparable to that of radiosurgery. 
In multiple series, the actuarial control of acoustic neuromas 
ranges from 87–98% at 5 years (Table 24.4). However, hearing 
appears better preserved by stereotactic radiotherapy rela-
tive to radiosurgery [19,26,40,72,73]. For instance, Andrews 
et al performed audiometric assessment of 17 patients under-
going radiosurgery and 34 patients undergoing stereotactic 
radiotherapy at the Thomas Jefferson University Hospital 
[19]. In the radiosurgery group, 67% of the patients lost serv-
iceable hearing after treatment. In the radiotherapy group, 
only 19% of the patients suffered loss of serviceable hear-
ing after treatment. Similarly, Sakamoto et al reported that 
21% of patients who underwent stereotactic radiotherapy 
for acoustic neuroma treatment (36–44 Gy cumulative dose 
in 1.8–2.0 Gy fractions followed by a 4-Gy boost) suffered 
hearing loss as defi ned by pure tone average (PTA) eleva-
tion of �20 decibels (dB) [10]. This contrasts the report of Ito 
et al [9] where 69% of patients who underwent radiosurgery 

T A B L E  2 4 - 3  Studies of radiotherapy and radiosurgery as treatment for meningiomas

Studies Number of patients Follow-up Actuarial control Dose (median) Complications
  (years) (%) (Gy) (%)

Radiotherapy
Goldsmith et al, 1994 [59] 140  5 a 98 54   3.6
Glaholm et al, 1990 [58] 186 10 a 77 53   2.2
Nutting et al, 1999 [60]  82 10a 83 57   5
Condra et al, 1999 [57]  21 15 a 87 53  10

Radiosurgery c

Kobayashi et al, 2001 [61]  54  5 b 89 14.5   5.5
Eustacchio et al, 2002 [21] 121  6 b 98 13   3.3
Kreil et al, 2004 [22] 200  8 b 98 12   2.5

aActuarial follow-up; bmedian follow-up; conly studies with �5 year median follow-up are included in this table.
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suffered hearing loss (PTA elevation of �20 dB). Using a ques-
tionnaire based assessment, Chan et al [72] reported that 
19% of patients lost speech discrimination after radiother-
apy (54 Gy in 1.8 Gy fractions). Using a similarly qualitative 
approach, Sawamura et al reported a 29% serviceable hear-
ing loss following radiation therapy [26]. Granted, the stud-
ies discussed here consist of small retrospective series and 
are, therefore, subject to multiple study biases. However, 
the consistency among these reports suggests that hear-
ing preservation may be better achieved by radiotherapy in 
comparison to radiosurgery.

Given the effi cacy of radiosurgery and radiotherapy as 
treatment options for acoustic neuromas, the paradigm of 
surgery as the preferred intervention has been challenged. 
While surgery, no doubt, is the treatment of choice for 
symptomatic, large acoustic neuromas (�3 cm), for smaller 
neuromas, the decision of surgery versus radiation treat-
ment is largely a function of the patient’s age, preference 
and the available surgical expertise. In deciding which form 
of radiation treatment to pursue, consideration should be 
given to stereotactic radiotherapy as a means of hearing 
preservation.

Pituitary Adenomas
Pituitary adenomas constitute between 10 and 20% of 

all primary brain tumors [37,38]. Histologically, pituitary 
adenomas are divided into those that secrete an exces-
sive amount of pituitary hormones, including prolactin, 
growth hormone (GH) and adrenal corticotrophic hormone 
(ACTH) and those that do not secrete biologically active 
hormones (non-functioning adenomas). Irrespective of 
histology, the natural history of pituitary adenomas is one 
of slow growth [74].

Based on autopsy series and MRI surveys, it is esti-
mated that 10–20% of the normal adult population harbors 
pituitary abnormalities [74]. Given the prevalence and the 
benign nature of the pituitary adenomas, treatment should 
be restricted to lesions that are hormonally active, causing 

mass effects or increasing in size. The role and effi cacy of 
radiosurgery in treating the various subtypes of pituitary 
adenomas will be reviewed.

Prolactinomas
Prolactin-secreting adenomas typically present with the 

classic Forbes-Albright syndrome, consisting of amenor-
rhea/galactorrhea, reduced fertility, loss of libido, or erec-
tile dysfunction. The diagnosis is made by a brain MRI and 
an elevated serum prolactin level. Once the diagnosis is 
made, medical therapy with dopamine agonists is the pri-
mary therapy. Surgery, radiotherapy and radiosurgery are 
restricted to patients who fail to tolerate or respond to medi-
cal therapy.

Because hormonal hypersecretion can be more quickly 
normalized by surgery than radiation treatment [75–77], it 
is considered the treatment of choice after medical therapy. 
In a landmark series of 889 surgically treated prolactinoma 
patients, 65% of patients remained in disease remission 
(without medical therapy) after 10 years. The likelihood of 
disease remission after surgery was inversely proportional 
to the size of the lesion (�1 cm: 87% remission; �1 cm: 
56% remission at 10 years) [76]. Approximately 20–30% of 
patients developed hypopituitarism or diabetes insipidus 
after surgery [77,78].

Patients unlikely to tolerate surgery or who opt not to 
undergo surgery are treated with radiation therapy or radio-
surgery. Without surgery or medical therapy, serum pro-
lactin level normalization was achieved in 30–50% of the 
patients 7–11 years after radiotherapy (45–50 Gy) [79–81]. 
The mean time required for serum normalization was 
approximately 7.3 years. Radiation induced hypopituitarism 
range was 20–30% [81].

Comparable effi cacy was reported for radiosurgery, 
with the caveat that long-term (�5 years) follow-up is una-
vailable at the present time. After radiosurgery, serum prol-
actin normalization was achieved in 20–60% of the patients 
[82]. This normalization was generally achieved within 

T A B L E  2 4 - 4  Studies of radiotherapy and radiosurgery as treatment for acoustic neuroma

Studies Actuarial tumor  Loss of serviceable  Cranial nerve V  Cranial nerve VII 
 control (%) hearinga (%) neuropathy (%) neuropathy (%)

Radiotherapy
Chan et al, 2005 [72] 98,  5 years 26 4 1
Sawamuara et al, 2003 [76] 91,  5 years 29 4 0
Combs et al, 2005 [73] 97,  5 years  4 3 2
Andrews et al, 2004 [19] 94,  5 years 19 7 2

Radiosurgery
Lunsford et al, 2005 [20] 97, 12 years 23–50 3.1 1
Hasegawa et al, 2005 [69] 87, 10 years 63 5 5
Chung et al, 2005 [67] 95,  7 years 40 1 1
Andrews et al, 2004 [19] 98,  5 years 67 5 2

aPercentage of patients who retained serviceable hearing after treatment.
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2 years of treatment [82]. The risk of post-radiosurgery 
hypopituitarism was comparable to surgery or radio-
therapy. The therapeutic effects of surgery and radiation 
appeared additive since tumor mass was one of the predic-
tors of radiation response [83].

GH-secreting Adenomas
Clinically, GH-secreting adenomas present with 

acromegaly in adults and gigantism in children (before clo-
sure of the epiphyseal plate). The diagnosis is made by brain 
imaging, clinical examination and an elevated serum level 
of GH and insulin-like growth factor 1 (IGF-1). The thera-
peutic goal of treatment is to reduce serum IGF-1 levels to 
age- and sex-adjusted levels and nadir GH levels of �1 ng/
ml during an oral glucose tolerance test (OGTT). The use 
of these criteria for evaluating disease remission after sur-
gery or radiation treatment is problematic on several fronts. 
First, elevated, but medically non-suppressible levels of GH 
are frequently encountered in acromegalic patients after 
surgical or radiation treatment. If the patient is otherwise 
asymptomatic, close follow-up without further therapy is 
advised. Secondly, up to a third of the patients with acrome-
galy who undergo surgical or radiation treatment exhibit 
elevated IGF-1 level despite a nadir GH level of �1 ng/ml 
during OGTT. Given these caveats, most studies have arbi-
trarily adopted a basal GH level of �10 ng/ml without medi-
cal therapy as a proxy for endocrine normalization [82].

Medical therapy with long-acting somatostatin ana-
logues normalizes serum IGF-1 level in up to two-thirds of 
acromegalics. Symptoms of acromegaly, including head-
aches, sweating and arthralgia, decrease with treatment. 
Gastrointestinal side effects such as colic, diarrhea or con-
stipation combined with the fi nancial burden of chronic 
therapy make long-term medical suppression prohibitive 
for many patients [84].

Because of the rapidity of endocrine correction after sur-
gery, it remains the mainstay treatment for GH-secreting 
adenomas. Trans-sphenoidal resection for GH-secreting 
adenomas consistently achieves a remission rate of 70–74% 
using post-surgical GH level �10 ng/ml as the criterion 
[85–87]. The success rate drops to approximately 60% 
when the strict ‘cure’ criteria (OGTT GH�1 ng/ml and 
IGF-1 normalization) are applied. Biochemical normaliza-
tion occurs immediately after surgery, but disease recur-
rence is observed in �10% of the surgical patients [86]. 
Surgical morbidities include: CSF leak (1–5%), septal perfo-
ration (0–5%) and pituitary insuffi ciency (20–30%).

Radiation treatment is a therapeutic option for patients 
who failed surgery or opted not to undergo surgery. 
Following radiotherapy, 60–80% of treated patients achieved 
GH �10 ng/ml after 10 years [88–90]. As was the case with 
prolactinomas, the therapeutic effects of surgery and radia-
tion appeared additive [83].

The reported ‘cure’ for GH-secreting adenomas after 
radiosurgery ranged from 0–100% [82]. This wide range of 

values refl ected the variability in the criteria used to defi ne 
disease remission and differences in radiosurgery planning. 
As such, meaningful conclusions could not be drawn based 
on a broad review of the literature. As such, the discussion 
here will focus on a few well-carried-out studies. Landolt 
et al [91] compared the effi cacy of radiosurgery (16 patients, 
25 Gy marginal dose) and radiotherapy (50 patients, 40 Gy 
cumulative dose) in patients who suffered recurrence after 
surgical resection of GH-secreting adenoma. The same 
criteria of disease remission (IGF-1�50 mIU/l and 
GH�10 ng/ml) were applied to both groups of patients. 
In this study, the proportion of patients achieving remis-
sion was comparable between the two groups (70–80%). 
However, the mean time to cure was 1.4 years with radio-
surgery and 7.1 years with radiotherapy. Similar results 
have been reported by others [92]. These results suggest 
comparable disease control by radiosurgery and radiother-
apy. However, the latency of treatment effect is signifi cantly 
reduced by the use of radiosurgery.

ACTH-secreting Adenomas
Adenomas that secrete ACTH cause Cushing’s disease 

or Nelson’s disease in patients with bilateral adrenalecto-
mies. The best screening test for hypercortisolemia is the 
24-hour urine-free cortisol (UFC) and the defi nitive test is 
the dexamethasone suppression of corticotrophin releasing 
hormone (CRH) test [93]. Long-term use of medical therapy 
such as ketoconazole is associated with serious side effects. 
Thus, surgery remains the mainstay of treatment. Patients 
who failed or opt not to undergo surgery are treated with 
radiotherapy or radiosurgery.

The biochemical defi nition of a ‘cure’ for Cushing’s 
disease remains a topic of debate. Many favor the use of a 
24-hour urine free cortisol level as the gold standard while 
others argue the importance of morning serum corti-
sol, basal serum cortisol, or ACTH level [82]. Most studies 
(including the ones discussed below) use a combination 
of normal urine free cortisol and resolution of clinical stig-
mata as defi nition of disease cure.

Microsurgery of ACTH-secreting adenomas is often 
curative. Thapar and Laws [94] reported curative exci-
sions in 90% of microadenomas and 60% of macroadeno-
mas – results consistent with other surgical series [95,96]. 
The overall surgical mortality ranged 0.5–2% and morbid-
ity ranged 3.3–9.3% [94–97]. Twenty to thirty percent of all 
patients undergoing pituitary surgery developed treatment- 
related hypopituitarism and diabetes insipidus [77,78]. 
Diligent monitoring of endocrine status is warranted since 
up to 30% of the ‘cured’ patients suffered relapse [98].

Approximately 80% of the patients who failed surgical 
resection achieved endocrine normalization 2 years after 
radiotherapy [99,100]. In comparable radiosurgery series, 
50–80% ‘cure’ rates have been reported [82]. In experienced 
centers, morbidity related to radiotherapy or radiosur-
gery appeared comparable. The median time to endocrine 
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normalization, however, was one to three months shorter 
in the radiosurgery series [3,82,101] when compared to the 
radiotherapy series.

Non-secreting Adenomas
Non-secreting adenomas cause clinical manifestations 

as they expand in size, compressing critical anatomic struc-
tures in proximity of the sella turcica – particularly the optic 
chiasm. Surgery is the primary treatment strategy for these 
adenomas. For patients presenting with visual deterioration, 
84–87% regain normal visual function after surgery [76,102]. 
Routine postoperative radiation treatment of the residual 
tumor is not necessary [103].

Radiation therapy and radiosurgery are indicated for 
recurring adenomas. Because of the slow growing nature 
of pituitary adenomas, long-term follow-up is required to 
establish effi cacy. For instance, Flickinger et al reported on a 
series of 87 patients who received postoperative radiation for 
non-functioning adenomas. The progression-free survival 
was 97% at 5 years and 76% at 20 years [104]. Unfortunately, 
the current radiosurgery literature consists entirely of short-
term follow-ups (92–100% control rate, median follow up of 
2–5 years). While the long-term results are likely comparable 
to those of radiotherapy, this hypothesis awaits validation.

Asymptomatic but progressively enlarging non-functional 
adenomas in poor surgical candidates are often treated with 
radiation therapy. In such cases, the 10-year progression-free 
survival was approximately 55% [105]. In comparison, 75% 
of the patients who underwent both surgery and radiation 
therapy remain disease free at 10 years [105].

Summary
With the exception of prolactinomas, where dopamine 

agonists remain the mainstay therapy, microsurgery is 
the treatment of choice for pituitary adenomas. Radiation 
therapy and radiosurgery represent treatment options for 
residual/recurrent tumors or for poor surgical candidates. 
Radiotherapy and radiosurgery appear equally effi cacious 
in inducing endocrine normalization of secretory adeno-
mas (Table 24.5). However, the time to GH and prolactin 
normalization after radiosurgery is signifi cantly shorter 
in comparison to radiotherapy. Though a similar trend is 
observed for the ACTH-secreting adenomas, the differ-
ence is less dramatic. Long-term follow-up data are needed 
to establish the effi cacy of radiosurgery as a treatment for 
non-functioning pituitary adenomas.

Gliomas
Gliomas constitute 40–50% of all primary brain tumors 

[37,38]. The term glioma denotes any tumors derived from 
the neuroglia. As such, it refers to several tumor subtypes 
that exhibit distinct natural histories. These subtypes are 
commonly categorized using the World Health Organization 
(WHO) classifi cation scheme.

Grade I Gliomas
WHO grade I gliomas, including pilocytic astrocyto-

mas and subependymal giant cell astrocytomas, are focal 
lesions with very low malignant potential. These tumors 
are amenable to cure with complete excision. As such, sur-
gery remains the primary therapy. The complete resection 
of a pilocytic astrocytoma is associated with a 100% dis-
ease-free survival at 10 years. The 10-year survival drops 
to 84% for subtotal resections and 44% for biopsies [106]. 
Radiotherapy and radiosurgery are highly effective in cases 
of unresectable or residual tumor, with 85–95% disease-free 
progression at 5 years [107–109]. Disease progression after 
the fi rst radiation treatment can be successfully control-
led with a second treatment [107]. While radiosurgery and 
radiotherapy exhibit comparable disease control, many 
pilocytic astrocytomas are located in regions (e.g. in the 
hypothalamic region) where a single high-dose radiation 
may be associated with signifi cant toxicity [25]. The choice 
of therapy, therefore, is dictated by the regional anatomy.

Grade II Gliomas
Grade II gliomas, including protoplastic, fi brillary, 

gemistocytic and mixed astrocytomas, tend to be diffuse 
and infi ltrative, with a propensity for progression to higher 
grades. The risk of disease recurrence, and thus the prob-
ability of patient survival, correlates with the extent of 
resection [110–112]. Thus, surgical resection remains the 
primary therapy. When complete resection is achieved, 
the 10-year survival rate is roughly 68% without additional 
therapy [113]. The 10-year survival drops to the range of 
30–50% with subtotal resections (�50% tumor mass 
resected) [114–117]. When incomplete resection is com-
bined with radiotherapy, the 5-year survival rate increases 
to the range of 43–75% [114–117].

Two randomized trials have been conducted to deter-
mine the optimal radiation dose for the treatment of low-
grade gliomas. The European Organization for Research 
and Treatment of Cancer (EORTC) study 22844 randomized 
379 low-grade glioma patients to 45 versus 59.4 Gy radio-
therapy [118]. Similarly, the Eastern Cooperative Group 

T A B L E   2 4 - 5  Summary of the effi cacy of surgery, radiation 
therapy and radiosurgery in the treatment of pituitary adenomas

 Surgery (%) Radiotherapy (%) Radiosurgery (%)

Prolactinomaa 65 30–50 30–50
GH secretingb 60 60–80 60–80
ACTH secreting 80 80 80
Non-functional 90 55 92–100, 
    2–4 yearsc

a Time to endocrine normalization considerably shorter after radio-
surgery; b no long term data available; c the numbers shown indi-
cate the 10-year progression-free survival after treatment unless 
otherwise indicated.
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(ECOG) randomized 211 low-grade glioma patients to 50.4 
versus 64.8 Gy radiotherapy [119]. There was no difference 
in the 5-year survival or progression-free survival between 
the dose groups in either study. With regard to the timing of 
radiation therapy, the EORTC study 22845 revealed no sur-
vival benefi t in patients receiving immediate postoperative 
radiotherapy [120]. However, the patients irradiated imme-
diately after surgery had an improved 5-year progression 
free survival (44% versus 37%; P � 0.05). Since the patients 
were treated with radiation therapy at the time of relapse, 
these results suggest that radiotherapy is effective both as 
an up-front and a salvage modality.

In contrast to the large body of literature supporting 
radiotherapy as a treatment for WHO grade II gliomas, the 
literature in support of radiosurgery suffers from short-
term follow-up and small sample size [108,121–125]. To 
date, the only study with a suffi cient sample size (n � 49) 
and adequate length of follow-up (5 years) reported pro-
gression-free survival of 37% 5 years after radiosurgery 
[108]. If confi rmed by other studies, this result suggests that 
the effi cacy of radiosurgery compares favorably to that of 
radiotherapy in the treatment of low-grade gliomas.

Grade III and IV Gliomas
Grade III (anaplastic astrocytoma) and IV (glioblas-

toma multiforme) gliomas are highly malignant neoplasms 
that are associated with very poor clinical prognoses. 
With maximal chemo-, radiation and surgical therapy, the 
median survival for patients affected with grade III glioma 
is approximately 50 months. For grade IV gliomas, the 
median survival is approximately 12 months [126].

Surgery remains the mainstay therapy for the manage-
ment of malignant gliomas, serving to achieve defi nitive 
diagnosis as well as cytoreduction. As demonstrated by 
two randomized trials, the addition of radiotherapy pro-
longs survival in patients with malignant glioma [127,128]. 
The survival benefi t requires a cumulative dose of 60 Gy 
(median survival of 12 months). While survival is further 
improved by dose escalation to 90 Gy using proton irradiation 
(median survival 18.6 months), almost all patients developed 
radiation necrosis within the 90 Gy volume and suffered 
neurologic deterioration [129]. Thus, most current regimens 
of radiotherapy restrict the cumulative dose to 60 Gy.

The majority of malignant gliomas recur within 2 cm of 
the enhancing edge of the original tumor [130]. This obser-
vation has led investigators to explore the use of radiosur-
gery as boost therapy to the tumor margins. Though the 
initial reports suggest that this treatment strategy improved 
patient survival [131–136], such benefi t was not confi rmed 
by the randomized trial RTOG 93-05 [137]. In this trial, 
patients were randomized to arms of radiosurgery boost � 
radiation therapy � BCNU and radiation therapy � BCNU. 
The median survival was not signifi cantly different between 
the treatment arms (13.6 versus 13.5 months; P � 0.5711). 
This result prompted a re-examination of the earlier 

retrospective series. The resulting analysis revealed that 
the previously reported benefi ts were largely due to patient 
selection bias [132,138].

Similarly, retrospective series describing radiosurgery as 
a salvage therapy of recurrent tumor have suggested poten-
tial benefi ts [139,140]. These results await interrogation by 
randomized trial methodologies.

Summary
The clinical effi cacies of radiation therapy in the treat-

ment of grade I, II, III and IV gliomas are well established. 
Though several case series suggest that radiosurgery may 
be benefi cial for a subset of glioma patients, the use of 
radiosurgery for the treatment of glioma remains investiga-
tional at the present time.

Radiosurgery Associated Tumor Formation
Radiation associated carcinogenesis after radiotherapy 

is a well-described phenomenon. It has been observed after 
radiation treatment for tinea capitis, pituitary adenomas and 
lymphoblastic leukemias [141–143]. The latency period for 
radiation associated tumor formation ranges from 6 to 32 
years. The cumulative risk of tumor formation 30 years after 
radiotherapy ranges from 0.8–1.9% [141–143]. Because of the 
smaller irradiated fi eld and the steep dose fall-off in radio-
surgery, the probability of radiation induced secondary can-
cer should be less than that of radiotherapy. To date, only six 
cases of radiosurgery associated tumors have been reported 
[144]. While the true incidence of radiosurgery associated 
carcinogenesis is likely extremely low, long-term surveil-
lance is warranted. Further, patients should be warned of the 
potential risk during the informed consent process.

NEUROIMAGING IN RADIOSURGERY
In radiosurgery, the focal dose distribution allows for a 

positive therapeutic gain. The need for accurate anatomic 
visualization is magnifi ed by the use of higher radiation 
dose delivered in radiosurgery as compared to radiother-
apy. To achieve maximal spatial accuracy in radiosurgical 
planning, an understanding of the basic principles underly-
ing neuroimaging as well as the limitations associated with 
each imaging modality is mandatory.

Computerized Tomography (CT) Imaging
Computerized tomography (CT) provides cross-

sectional images of the body using mathematical reconstruc-
tions based on x-ray images taken circumferentially around 
the subject. In practice, x-ray transmissions through the 
subject from a rotating emitter are detected and digitally 
converted into a grayscale image. Because CT images are 
ultimately a compilation of x-ray transmissions, the physi-
cal principles underlying the two modalities are identical. 
That is, structural discrimination is made based on the rela-
tive atomic composition, and therefore the electron density, 
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of the tissue imaged. However, CT images offer improved 
anatomic resolution because each image represents the 
synthesis of information from multiple x-ray images.

Besides improved anatomic delineation, CT imaging 
aids radiosurgical planning in another way. Because the 
pixel intensity on a CT image refl ects the electron density 
of the tissues imaged, the pixel intensity can be mathemati-
cally converted into electron density maps (electrons per 
cm3). This information can be used to defi ne isodose lines 
in radiosurgical planning. Without this information, actual 
radiation dose delivered can deviate from the desired dose 
by as much as 20% as a result of tissue inhomogeneity [145].

Despite yielding improved anatomic resolution as well 
as electron density information, delineation of soft tissue 
structures by CT imaging is suboptimal, even with the aid of 
intravenous contrast agents. For the most part, delineation 
of soft tissue structures is achieved by the use of magnetic 
resonance imaging, especially for targets in the cranial base.

Magnetic Resonance (MR) Imaging
The human body consists primarily of fat and water, 

both having a high content of hydrogen atoms. Magnetic 
resonance (MR) imaging exploits the nuclear spin prop-
erty of these hydrogen atoms as a means to attain soft tis-
sue resolution. In MR imaging, a radiofrequency pulse is 
applied to the imaged subject. As a result, the nuclear spin 
states of these atoms shift from that of equilibrium to that 
of excitation. To return to their equilibrium state, the law of 
energy conservation dictates that an energy equal to that 
absorbed must be emitted. The energy release between 
nuclear spin state transitions can be measured and ana-
lyzed. Since the process of energy absorption and emission 
is affected by the local chemical environment, hydrogen 
atoms in soft tissues of varying chemical composition will 
absorb and emit differential energy. Mathematical transfor-
mation of this information yields fi ne resolution maps of 
soft tissue structures. Since tumor and normal tissues often 
differ in chemical composition [146], the same principle 
allows delineation of these tissue types.

Because of the complexity of the nuclear interac-
tions involved in MR imaging, the modality is subject to 
many sources of error, resulting in distortion of the image 
obtained. One such source of error involves the imperfec-
tion of the input magnetic fi eld. The input magnetic fi eld 
in MR imaging is produced by electric currents passing 
through sets of mutually orthogonal coils. Ideally, the mag-
netic fi eld generated should be uniform such that a linear 
relationship between space and resonance frequency can 
be established [147]. However, such uniform fi elds cannot 
be easily achieved in practice. This phenomenon is referred 
to as gradient fi eld non-linearity and tends to escalate with 
increasing distance from the central axis of the main mag-
net. For the most part, gradient fi eld non-linearity can be 
corrected computationally. Prior to correction, gradient 
fi eld non-linearity can induce spatial distortions as large 

as 4 mm. After computational correction, the distortion is 
minimized to �1 mm [148].

A more complex MR distortion that is more diffi cult to 
correct computationally involves electromagnetic interac-
tions between the imaged tissue and the input magnetic 
fi eld. This distortion is often referred to as resonance off-
set. Resonance offset occurs because hydrogen atoms carry 
with them an inherent magnetic fi eld. Thus, placement of 
hydrogen-bearing tissues in a magnetic fi eld necessarily 
induces a perturbation in the input magnetic fi eld. This 
perturbation disrupts the linear relationship between space 
and resonance frequency to produce geometric distor-
tions. The physics of this perturbation is complex since it 
depends on the inherent magnetic properties as well as the 
volume and shape of the imaged object. Resonance offset 
distortions tend to be largest at the interface of materials 
that differ in magnetic properties, such as at the air/water 
interface. In anatomic imaging, this translates into large 
distortions at the air/bone or air/tissue interfaces. Studies 
reveal that distortions at these interfaces can be as large as 
2 mm [147,149,150].

While the development of higher strength magnets has 
allowed for improved resolution of soft tissue structures, 
as well as minimization of geometric distortions related 
to gradient fi eld non-linearity, higher strength magnets do 
not address the issue of resonance offset. Since resonance 
offset is a product of the input magnetic fi eld and the local 
fi eld imposed by the imaged tissue, increasing the strength 
of the input magnetic fi eld will magnify the effects of reso-
nance offset [151].

The accuracy of MR as a standalone imaging modality 
has been determined by a number of investigators [152–
156]. While most investigators report a localization uncer-
tainty of 2–3 mm [153–156], maximal absolute errors of 
7–8 mm have also been reported [152]. These studies reveal 
that error in fi ducial localization is amplifi ed by subsequent 
mathematical transformation. Though the degree of locali-
zation uncertainty varies between studies, the reported 
uncertainty consistently remains greater than one millime-
ter, failing to achieve the current radiosurgical standard set 
forth by the American Society of Therapeutic Radiology and 
Oncology (ASTRO) [157–159].

Another downside of MR imaging as it pertains to radio-
surgical planning is the absence of electron density infor-
mation (see section on CT). Contrary to CT imaging, where 
the image is derived based on differential electron density, 
pixel intensities in MR images bear no correlation to elec-
tron density. For radiosurgical planning using MR as the 
only imaging modality, image processing and assignment 
of hypothetical electron density values are required. Such 
strategies have led to suboptimal radiosurgical plans, espe-
cially when protons are used [160].

Motion artifact is another consideration affecting 
spatial accuracy in MR imaging. The prolonged duration 
required for image acquisition increases the potential for 
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patient movement. Even with a cooperative patient, motion 
artifact occurs with breathing and internal physiologic 
motions. The resultant motion compromises the accuracy 
of spatial resolution.

Though MR imaging may be inadequate as a stand-
alone modality in radiosurgical planning, combining MR 
and CT images has led to radiosurgical plans that are supe-
rior to plans derived from each modality alone [161–164]. 
For example, Shuman et al reported that the incorpora-
tion of MR information into CT-based radiotherapy plans 
resulted in better defi nition of tumor volume in 53% of the 
cases [163]. These observations have led to the develop-
ment of algorithms for superimposing MR and CT images.

CT-MR Image Integration
The differences between CT and MR imaging illustrate 

the conceptual distinction between geometric and diag-
nostic accuracy. While CT imaging is geometrically accu-
rate due to absence of spatial distortion effects, diseased 
tissues are often missed by this modality. As such, CT imag-
ing is diagnostically inaccurate. On the other hand, due 
to enhanced soft tissue resolution, MR imaging affords 
enhanced diagnostic accuracy. However, the spatial accu-
racy is limited due to MR distortion effects.

Algorithms have been developed to utilize maximally 
the different types of information afforded by CT and MR 
imaging. Simple approaches to image integration involve 
manual superposition of equivalent views of MR and CT 
images, using bony landmarks as correlation points. Such 
approaches, however, are labor intensive and error-prone 
with uncertainties of up to 8 mm [165].

Advances in computational technology have allowed 
for the development of automated algorithms for super-
position of CT and MR images in three-dimensional space. 
One way of integrating CT and MR images requires that the 
patient be placed in an immobilization device, such as the 
stereotactic frame. The immobilization device minimizes 
motion artifacts and ensures that the images are acquired 
in a predetermined manner. Fiduciary markers are used to 
establish the spatial relationship between the target and the 
head-frame. Additionally, they serve as coregistration points 
between the MR and CT images. Because image acquisition 
and correlative points are fi xed in space in a predetermined 
way, this mode of image fusion is sometimes referred to as 
prospective image coregistration [158].

Alternatively, image coregistration can be done with 
images that are not acquired in a predetermined manner. 
This mode of image fusion is also known as retrospective 
coregistration. Retrospective image coregistration relies on 
matching corresponding anatomic landmarks instead of 
fi duciary markers. The CT and MR images are integrated on 
the basis of aligning these anatomic landmarks [166]. Various 
computational techniques, including point matching [167], 
line matching, iterative matching [168], have been developed 
for retrospective image superposition. Whether one method 

is superior to another remains an area of research. In gen-
eral, with proper training and quality control, most current 
algorithms will coregister MRI and CT images to an uncer-
tainty of 1–2 mm using prospective registration and 2–3 mm 
using retrospective registration [158].

Contrast Administration
Contrast administration takes advantage of the obser-

vation that disease processes, such as tumor growth, often 
result in vascular encroachment or faulty angiogenesis 
[146]. These processes allow contrast material to escape the 
vasculature and preferentially accumulate in the diseased 
tissue. The accumulation of contrast material can be eas-
ily visualized on CT or MR imaging. In malignant gliomas 
for instance, contrast enhancement correlates with dis-
eased tissue. Kelly et al evaluated 195 brain tumor biopsies 
acquired from various locations relative to the contrast-
enhancing regions of CT or MRI scans and showed that 
the regions of contrast enhancement best correlated with 
regions of tumor burden [169].

Since contrast-enhancing volumes are used for radio-
surgery target defi nition, diseased tissues without contrast 
enhancement often escape therapy. Investigators have used 
various functional imaging modalities to address this issue. 
While these modalities hold tremendous promise, they are 
limited by poor anatomic resolution. As such, functional 
imaging is most useful in conjunction with traditional ana-
tomic imaging modalities. In many instances, the clinical 
applications of functional imaging remain investigational.

MR Spectroscopy (MRS)
Another type of functional imaging capitalizes on the 

ability of MRI to measure the levels of biochemical metab-
olites. Three metabolites commonly used to distinguish 
tumor and healthy tissue include choline, creatine and 
N-acetylaspartate (NAA). Choline is an essential compo-
nent of the cell membrane. The level of choline refl ects the 
rapidity of membrane turnover and is increased in rapidly 
proliferating tumors. Creatine is a metabolic intermediate 
for the synthesis of phosphocreatine, an energy source for 
cellular metabolism. The level of creatine corresponds to 
the level of cellular energy reserve, which is decreased in 
tumor tissues. NAA is a marker for neuronal differentiation 
and is decreased in tumors [146].

Using elevated choline and decreased NAA as criteria, 
Pirzkall et al compared the MRS defi ned tumor volume 
to that defi ned by contrast-enhanced MRI for malignant 
gliomas. The authors report that the MRS defi ned volume 
extended outside of the MRI defi ned volume by �2 cm in 
88% of the patients [170]. In another study of 46 patients 
with malignant gliomas, patients with MRS abnormality 
outside of the MR defi ned target volume showed decreased 
median survival relative to those with MRS abnormality 
inside the MR defi ned tumor volume (10.7 months versus 
17.4 months, P�0.002) [171]. Other studies have confi rmed 
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the correlation between untreated MRS abnormality and 
worse prognosis [172–176]. These studies suggest that MRS 
data should be taken into consideration in target volume 
determination for the treatment of gliomas.

MR Perfusion Imaging
Like levels of biochemical metabolites, perfusion 

parameters such as cerebral blood volume (CBV) can be 
measured using MR imaging techniques. CBV is meas-
ured by monitoring the transit of a rapid bolus of con-
trast with respect to time. This parameter is an indirect 
measure of tissue vascularity, a property often associated 
with tumor burden. It is, therefore, not surprising that 
MR-derived measurements of cerebral blood volume corre-
late with tumor grading and clinical outcome. In a series of 
28 patients with gliomas, pretreatment high CBV intensity 
was associated with shorter median survival [146,177,178].

The use of CBV in radiosurgical planning is limited by 
several factors. CBV values in tumor volumes are often greater 
than CBVs of normal white matter, but comparable to CBVs 
of normal gray matter. So, distinguishing tumor and cortex is 
problematic, especially in the context of anatomic distortion 
caused by large tumors. Additionally, regions of increased 
CBV correlate well with regions of contrast enhancement. As 
such, incorporation of CBV information will only alter radio-
surgical plans in a subpopulation of patients.

MR Diffusion Weighted Imaging (DWI)
The white matter in a normal cerebrum is organ-

ized into tracts that allow communication between corti-
cal neurons. As a result of this high degree of organization, 
water molecules in the cerebral cortex diffuse in a highly 
directional manner. The extent of this directional diffusion 
can be estimated using specialized MR techniques and is 
referred to as apparent diffusion coeffi cient (ADC). Because 
gliomas often distort cerebral architecture, regions with 
altered ADC are expected to correlate to tumor burden. This 
expectation was demonstrated in several studies [179–181]. 
These studies revealed that patients with lower ADC values 
in the tumor volume showed shorter median survival than 
patients with normal or near normal ADC values (12 months 
versus 21.7 months). These studies suggest that ADC maps 
may be helpful in guiding radiosurgical planning, especially 

in cases where conventional MRI and ADC maps yield dis-
cordant information with regard to tumor volume.

Summary
Given the complexity of physiology and pathology 

underlying tumor biology, it is unlikely that any single imag-
ing modality will allow perfect defi nition of the diseased vol-
ume [182]. The failure precisely to defi ne tumor volume will 
result in inadequate or excessive radiation treatment and 
suboptimal clinical outcomes. Precise tumor volume defi ni-
tion likely requires a synthesis of information obtained from 
contrast enhanced CT, MRI, MRS, CBV and ADC in a mean-
ingful way. The optimal algorithm for the synthesis of this 
information remains an area of active research.

CONCLUSION
Radiosurgery has emerged to become an important 

therapeutic option in the fi eld of neuro-oncology. While 
radiosurgery has been applied to a wide spectrum of neuro-
oncologic diseases, it is important to note that the long-
term follow-up for some of these applications, including the 
treatment of non-functioning pituitary adenomas, remains 
sparse. In the treatment of gliomas, reports of radiosurgery 
effi cacy are limited to small case series that are tainted with 
patient selection bias. As such, the use of radiosurgery in 
these clinical contexts remains investigational.

For the treatment of cerebral metastases, meningi-
omas, functioning pituitary adenomas and acoustic neu-
romas, the radiosurgery literature is suffi ciently mature in 
demonstrating its clinical effi cacy. Comparative analysis of 
this literature with the radiotherapy literature suggests spe-
cifi c clinical contexts in which one modality may be more 
suitable than the other. For instance, certain metastatic 
diseases, including sarcomas, renal cell carcinomas and 
melanomas, are more likely to respond to radiosurgery than 
radiotherapy. The latency of endocrine normalization fol-
lowing treatment of functional pituitary adenomas is also 
shorter when radiosurgery is employed. On the other hand, 
the likelihood of hearing preservation following acoustic 
neuroma treatment is higher with stereotactic radiotherapy. 
An understanding of the clinical contexts as they relate to 
the effi cacy of radiosurgery and radiotherapy is a prerequi-
site for the optimization of patient treatment strategies.
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INTRODUCTION
The prevalence of primary neoplasms of the central 

nervous system (CNS) is around 15 000 to 17 000 new 
cases annually in the USA and it is estimated that brain 
tumors cause the deaths of 13 000 patients every year. 
Although this incidence represents annually only 1.3% 
of all new cases of cancer, brain tumors correspond to 
2.3% of all deaths caused by cancer. Brain metastases occur 
in approximately 30% of all patients with disseminated 
cancer [1]. When metastatic lesions are included, brain 
tumors are estimated to cause the death of 90 000 patients 
every year [2–4]. Gliomas are the leading cause of primary 
CNS tumor, accounting for 40–50% of cases [5] and 2–3% 
of all cancers [6]. Despite new techniques of treatment, 
patient survival still remains very low, varying between 16 
and 53 weeks [7].

A variety of imaging techniques have been devel-
oped for assessing brain tumors. This task of assessment 
includes initial detection, diagnosis, guiding intervention, 
monitoring after therapy and overall prognosis. For more 
than 20 years, conventional magnetic resonance imaging 
(MRI), typically T1- and T2-weighted imaging, has been 
used for this purpose [8]. While in clinical practice nearly 
all detected lesions undergo some type of surgical inter-
vention, such as biopsy or excision, and therefore histo-
logic diagnosis is available, some cases will still require a 
determination of tumor grade. For example, surgical exci-
sion of the visible abnormality is often attempted, despite 
a consensus that conventional MRI tends to underestimate 
the extent of the tumor, which in turn many suspect leads 
to suboptimal treatment [9]. In part this is because most 
primary brain neoplasms infi ltrate the brain parenchyma 
out beyond the enhancing portion of the lesion. High-grade 
gliomas have the ability to infi ltrate the brain parenchyma. 
This infi ltration appears to follow the main fi ber bundles, 
possibly along the vessel channels, without disrupting 
the blood–brain barrier [10]. An ability to detect these 
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bundles, therefore, might allow better determination of 
tumor growth directions and extent. Many other imaging 
techniques are under development to attempt to answer 
these and other questions [11].

New functional MRI sequences, such as diffusion-
weighted imaging (DWI), perfusion imaging and MR 
spectroscopy (MRS) have been widely used to determine 
the grade, heterogeneity and extent of these primary 
and secondary brain tumors. Diffusion weighted imag-
ing fi rst came into wide use because of its ability to detect 
hyperacute infarcts (Figure 25.1). In recent years, diffu-
sion has been studied extensively in the evaluation of 
other pathologies, including brain tumors. Diffusion ten-
sor MR imaging (DT-MRI or DTI) is a relatively new MR 
method that may be able to delineate more accurately the 
tumor versus the infi ltrating tumor between the peritu-
moral edema and the normal brain parenchyma [12]. DTI 
has been widely used because of its apparent ability to 
illustrate the relationship of a tumor with the nearby main 
fi ber tracts, though this is diffi cult to validate. Because 
of these early fi ndings, some have suggested that DTI 
might also be used to aid in surgical planning [13], possi-
bly in radiotherapy planning [14], as well as to monitor the 
tumor recurrence and tumor response to treatment [15]. 
While these new applications have not yet been proven 
or even widely studied in multicenter clinical trials, many 
individual practioners are, nonetheless, actively using 
DTI. The reasoning behind such use typically begins with 
the logic that the aim of a surgical brain tumor treatment 
is as complete lesion resection as possible without harm-
ing vital brain functions [16,17]. Therefore, a preoperative 
approach which maps, even imperfectly, the tumor and its 
relationship to nearby functional structures may facilitate 
patient’s outcome [18]. Because of this logic and related 
rationales, considerable interest in DTI has arisen. In this 
chapter, therefore, we will review the methodology and 
uses of DTI as it has been studied in these anecdotal and 
early studies.
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sequence is utilized, because of its ability to reduce motion 
artifacts and its rapid acquisition time [21]. Stejskal and 
Tanner’s approach uses two magnetic pulses or gradients to 
label the spins: the application of the fi rst diffusion gradient 
causes a dephasing of water protons; because they move 
randomly, not all water protons are in place for rephas-
ing from the application of the second diffusion gradient. 
Thus, there is a signal decrease that depends on how far the 
water molecules move (Figure 25.2) [22]. The net signal on 
the fi nal diffusion-weighted image is therefore infl uenced 
by both the T2 tissue effect and by the tissue diffusion 
characteristics. By acquiring an image with little diffusion-
weighting and another image with substantial diffusion-
weighting, the apparent diffusion coeffi cient (ADC) can 
be calculated on a voxel-by-voxel basis, allowing the gen-
eration of a map that refl ects solely the diffusion infl uence 
excluding the T2 effects, which prevents misinterpretation 
from the so-called ‘T2 shine-through’ effect [21,22].

Some pathologic processes appear to change the char-
acteristic of the brain microenvironment, which in turn 
results in alteration of the apparent diffusion coeffi cient 
[22]. In clinical practice, diffusion imaging has been used 
to assess acute cerebral ischemia [23–25], as diffusion 
water motion decreases after the onset of ischemia. The 
mechanism underlying the observed decrease in ADC in 
acute ischemia is still poorly understood. Failure of the 
Na�/K� adenosine triphosphatase pump is believed to 
play an important role in this pathophysiological process, 
however, and this state of ischemia is often referred to as 
cytotoxic edema [26,27]. While ischemia was the fi rst appli-
cation of DWI, diffusion imaging has also been applied to 
the evaluation of many other neurological conditions. The 
appearance of lesions in diseases such as multiple sclero-
sis [28–31] (Figure 25.3), encephalitis [32] and Creutzfeldt-
Jakob disease [33] (Figure 25.4) can be contrasted with 
the appearance of diffusion in neoplastic brain lesions 
(see later Figures).

A B

C D

CT FLAIR

DWI ADC map

FIG. 25.1. A 67-year-old woman presenting with new onset 
of left hemiparesis at 2 hours. (A) Non-enhancing CT and (B) 
T2-weighted image do not demonstrate any abnormality. (C) 
Diffusion-weighted image demonstrates a hyperintense area in 
the posterior limb of the right internal capsule and corona radi-
ata. An area of hyperacute infarct could be diagnosed, based 
on the fi ndings of restricted diffusion, refl ecting cytotoxic edema, 
confi rmed by the apparent diffusion coeffi cient map – black area 
on the ADC map (D).

PHYSICAL BASIS

Diffusion-Weighted MR Imaging
Diffusion-weighted imaging is based on the random or 

Brownian motion of water molecules, typically in relation to 
their thermal energy, although infl uenced by the surround-
ing environment. In the brain, the presence of some tissue 
structures restricts free water motion [19], for example, the 
diffusion of water molecules is higher in the ventricles than 
in the parenchyma, as there are few barriers. MRI makes it 
possible to estimate the diffusivity of water molecules.

Most diffusion measurements today are made using a 
variant of the diffusion-weighted sequence fi rst described 
by Stejskal and Tanner. Their initial approach described 
a spin-echo (SE) sequence together with two equal and 
opposite extra gradient pulses [20]; the amount of signal 
loss can be related to the magnitude of diffusion. For prac-
tical purposes, an echoplanar imaging (EPI) SE T2-weighted 

90° RF Pulse 180° RF Pulse ECHO

Gradient

FIG. 25.2. A schematic fi gure demonstrating the diffusion-
weighted sequence described by Stejskal and Tanner.



Diffusion Tensor MR Imaging
The mathematical description of the movement of 

water can be complex. While water motion occurs in all 
three cardinal directions, the description of this movement 
may be highly variable depending on local restrictions. In 
an attempt to simplify the analysis of diffusion imaging, 
often water mobility is assumed to behave in a manner 
that can be described using a Gaussian approximation. As 
we will see below, this is a powerful approach and is widely 
popular; however, in more recent years the limitations of 
this technique have begun to become apparent, as will also 
be discussed below. Nevertheless, the Gaussian approxi-
mation has defi nite utility, and therefore we will use this 
approximation as well for much of this chapter.

When water molecules diffuse equally in all direc-
tions, this is termed isotropic diffusion. This phenomenon 
is typical in the ventricles and, at the resolution of typical 
clinical MRI, such isotropic behavior seems to be the case 
in the gray matter. In the white matter, however, free water 
molecules diffuse anisotropically, that is, the water diffu-
sion is not equal in all three orthogonal directions [34,35]. 
This is likely because tissue structures cause impediment 
of the water motion; these structures likely include the 
cell membranes but, more importantly, the myelin sheath 
surrounding myelinated white matter [36]. Put another 

way, isotropic diffusion can be graphically represented as 
a sphere, whereas anisotropic diffusion can be graphically 
expressed as an ellipsoid [37], with water molecules moving 
farther along the long axis of a fi ber bundle and moving less 
perpendicularly (Figure 25.5) [38].

In a tensor model, water mobility is described by a 
3 � 3 matrix. To estimate the nine-tensor matrix elements, 
the diffusion gradients must be applied to at least six non-
collinear directions (it is six rather than nine because only 
some degree of symmetry is assumed, and so only six of the 
nine elements are unique under this assumption) [38]. The 
eigenvalues represent the three principal diffusion coef-
fi cients measured along the three coordinate directions 
of the ellipsoid [38]. The eigenvectors represent the direc-
tions of the tensor [39]. Because interpreting a tensor rep-
resentation can be non-intuitive, scalar metrics have been 
proposed to simplify DTI data [36]. For example, fractional 
anisotropy (FA) measures the fraction of the total mag-
nitude of diffusion anisotropy. FA values vary from com-
pletely isotropic diffusion (graded as 0) up to completely 
anisotropic diffusion (graded as 1) [36,37].

In addition to assessment of the diffusion in a single 
voxel, DTI has been used to attempt to map the white mat-
ter fi ber tracts. This is typically done by connecting each 
voxel eigenvector to its adjacent in accordance with the 
direction the fi bers are pointing at [40,41]. DTI can also 
determine a color-coded FA map of fi ber orientation [42]. 
A different color has been attributed to represent a different 
fi ber orientation along the three orthogonal spatial axes: 
in the standard convention, red stands for the left-right 
direction of x-oriented fi bers, the blue color stands for the 
superior-inferior direction of y-oriented fi bers, and green 
for the anterior-posterior direction of z-oriented fi bers 
(Figure 25.6) [42,43].

CLINICAL USE
As mentioned above, there are no multicenter clinical 

trials demonstrating the benefi t of DTI (or DWI) in brain 
tumors. Therefore, formally speaking, there is no scientifi c 
evidence for the utility of DTI in tumor imaging. Nevertheless, 
in the following sections we will summarize current opin-
ion based on single-center studies and clinical anecdotes; 
clearly, more well-controlled studies are needed to state 
defi nitively the benefi t of these techniques to patients.

Assessment of Extracranial Tumors
The diagnosis of epidermoid tumor can be challenging 

in clinical practice, as its signal intensity is frequently quite 
similar to cerebrospinal fl uid on conventional T1- and 
T2-weighted images. Under special conditions, arach-
noid cysts may have an atypical appearance on conven-
tional MRI, because of blood and high protein contents, 
complicating the differential diagnosis between these two 
extra-axial lesions [22]. DWI can also be used as an effective 
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FIG. 25.3. (A) Axial FLAIR image showing the presence of 
demyelinating plaques on the brainstem and in the cerebellum 
peduncles that enhance in the post-contrast T1-weighted image 
(B,C). These lesions may consist of acute demyelinating plaques. 
Most of acute multiple sclerosis plaques may have restricted diffu-
sion, characterized by hyperintensity on DWI (D) and low ADC 
values on ADC map.
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way of differentiating an arachnoid cyst from epidermoid 
tumors [44]. Both lesions present the same T1 and T2 signal 
intensity characteristic of cerebrospinal fl uid. On DWI, epi-
dermoid tumors are hyperintense, because they are solidly 
composed, whereas arachnoid cysts are hypointense, dem-
onstrating high diffusivity [44]. The ADC values of epider-
moid tumors are similar to those of the brain parenchyma, 
whereas the ADC values of arachnoid cysts are similar to 
those of CSF [45]. Water molecules in arachnoid cysts dem-
onstrate a high diffusibility as there is no structure imped-
ing their motion (Figure 25.7). On the other hand, the water 
molecules are impeded by tumor contents, like keratinous 
debris (Figure 25.8) [46]. As a result, DWI can be used bet-
ter to assess follow-up of surgically resected epidermoid 
tumors, proving effi cacious in the detection of residual 
lesions (Figure 25.9) [47].

Most meningiomas, especially malignant and atypi-
cal samples, also have a restricted diffusion, displaying 
low ADC values, when compared with typical meningi-
omas (Figure 25.10) [48,49]. However, meningiomas rarely 
pose diffi culty to diagnosis on conventional MR imaging. 
Some aspects have been postulated to contribute to 

FLAIR

DWI

A

B

FIG. 25.4. A 45-year-old woman complaining of mental disturbance with the diagnosis of Creutzfeldt-Jakob disease. Axial FLAIR 
images (A) and diffusion-weighted images (B) demonstrate gyriform increased signal intensity predominantly in the cortex of the 
occipito-parietal lobes and also in the basal ganglia, consistent with restricted diffusion.

FIG. 25.5. Free water molecules diffuse equally in all different 
directions. This is termed isotropic diffusion and can be graphi-
cally represented as a sphere. When there is a preferred direc-
tion for the free water molecules to diffuse, the diffusion is termed 
anisotropic and can be graphically represented as an ellipsoid.



C
LIN

IC
A

L U
S

E
 

•
 

2
1

9

A B C D E

F G H I J

FIG. 25.6. Diffusion tensor imaging (DTI) color-coded map of a healthy volunteer. Locations of white matter tracts are assigned on color maps. The direction of the 
main fi ber tracts is represented by red (right-left), green-yellow (anterior-posterior) and blue (superior-inferior). Several main fi ber tracts visible on color maps are anno-
tated on the basis of anatomic knowledge. (A–D) Axial fractional anisotropic (FA) color maps. (E–H) Coronal FA color maps. (I,J) Sagittal FA color maps. Mcp, middle 
cerebral peduncle; cst, corticospinal tract; cbt, corticobulbar tract; ml, medial lemniscus; icp, inferior cerebellar peduncle; cg, cingulum; cc, corpus callosum; gcc, genu 
of corpus callosum; scc, splenium of corpus callosum; arcr, anterior region of corona radiata; alic, anterior limb of internal capsule; plic, posterior limb of internal cap-
sule; ec, external capsule; sric, superior region of internal capsule; sfof, superior fronto-occiptal fasciculus; ifof, inferior fronto-occiptal fasciculus; slf, superior longitudi-
nal fasciculus; ilf, inferior longitudinal fasciculus.
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decrease ADC values in malignant and atypical menin-
giomas – hypercellularity, a high nuclear-to-cytoplasmic 
ratio, prominent nucleoli and decreased extracellular 
water [49]. The preoperative measurement of ADC values 
may predict the malignancy of meningiomas, which may 
be useful to decide on the surgical strategy or to prescribe 
the adjunctive therapy. As a consequence, a more accurate 
prognosis may be obtained.

Characterization of Intracranial Cystic Masses
A number of groups have suggested that DWI can aid 

in the distinction between brain abscesses and necrotic 
and cystic neoplasms on MRI. This differentiation is still 
a challenge in both clinical and radiological settings. Early 

studies suggest that DWI can provide a sensitive and spe-
cifi c method for differentiating tumor from abscess in cer-
tain settings [50–53]. The abscesses have a high signal on 
DWI and a reduced ADC within the cavity (Figure 25.11). 
This restricted diffusion is thought to be related to the char-
acteristic of the pus in the cavity. Because pus is a viscous 
fl uid that consists of infl ammatory cells, debris and mac-
romolecules like fi brinogen [54], this may, in turn, lead to 
reduced water mobility, lower ADC and bright signal on 
DWI. On the other hand, necrotic and cystic tumors display 
a low signal on DWI (similar to the CSF in the ventricles), 
with an increased ADC as well as isointense or hypointense 
DWI signal intensity in the lesion margins (Figure 25.12) [52]. 
Although these fi ndings can be helpful, they are of course 
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FIG. 25.8. A 27-year-old man with epidermoid tumor in the left cerebellopontine angle cistern. An expansive rounded lesion in the 
left cerebellopontine angle cistern presenting with hypointense on axial T1-weighted image (A) and hyperintense on axial T2-weighed 
image (B) is demonstrated. (C) Axial diffusion-weighted image shows a hyperintense lesion, of which an apparent diffusion coeffi cient 
map (D) shows a nearly isointense relative to normal brain parenchyma.
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FIG. 25.7. A 3-year-old girl with arachnoid cyst in the left cerebellopontine angle cistern. (A) Axial T1-weighted image and (B) 
FLAIR image show a hypointense round lesion on the left cerebellopontine angle cistern that causes compression to the left cerebellum 
hemisphere. (C) Diffusion-weighted image demonstrates a hypointense signal, with high diffusibility seen on the apparent diffusion 
coeffi cient map (D), which is isointense relative to cerebrospinal fl uid.



not absolute: under certain conditions, restricted diffusion 
has been documented in hemorrhagic metastases, radia-
tion necrosis and cystic astrocytoma [55].

Tumor Grading
Tumor grading is very important in treatment deci-

sion and evaluation of prognosis. While tissue samples are 
obtained as part of most therapeutic approaches, hetero-
geneity in tissue sampling, as well as monitoring malignant 
dedifferentiation and other needs, have led to a desire to 
use imaging better to ascertain tumor grade. In certain set-
tings, diffusion imaging appears to increase both the sen-
sitivity and specifi city of MR imaging in the evaluation of 
brain tumors by providing information about tumor cellu-
larity, which may, in turn, improve the prediction of tumor 
grade [12,56–64]. The mechanism in which DWI may help 
in tumor grading is not clear, but speculation is that the 
free water molecules’ diffusivity is restricted by cellularity 
increases present in high-grade lesions [38,65]. The reduc-
tion in extracellular space, as well as the high nuclear-to-
cytoplasmic ratios of some cancer cells, causes a relative 
reduction in the ADC values (Figure 25.13) [66]. Some stud-
ies suggest a correlation between the ADC values and 
tumor cellularity [48,65], with lower ADC values suggesting 
high-grade lesions (Figure 25.14) [48,67]. In some studies, 

however, ADC values found in high- and low-grade gliomas 
have overlapped somewhat [48]. Evaluation of tumor grade 
with diffusion image remains uncertain and still cannot 
be considered a reliable tool for this purpose, since ADC 
values overlap considerably in different brain neoplasms. 
Indeed, many factors besides tumor cellularity might be 
responsible for the observed reduction in diffusibility. One 
such factor that might contribute to the reduction of ADC 
values in high-grade gliomas is the presence of hydrophilic 
glycosaminoglycans, such as hyaluronain, in the extracellu-
lar space, which may decrease water content [68].

DWI has also been shown to assist in assessing high cel-
lularity of other brain neoplasms. In some studies, lymphoma, 
a highly cellular tumor, has been found to present hyperin-
tense signal intense on DWI and reduced ADC values [69],
and it may be in differentiating lymphoma from other 
CNS lesions that DWI has its greatest value (Figure 25.15). 
In another study, the ratio of ADC values in the center 
of rim-enhancing intracranial lesions relative to normal 
appearing white matter was signifi cantly higher in patients 
with toxoplasmosis than in patients with lymphoma [70].

DWI may also be helpful in distinguishing medullo-
blastoma, a primitive neuroectodermal tumor, from other 
pediatric brain tumors. Some investigators report that 
medulloblastoma has displayed restricted diffusion, again 
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FIG. 25.9. Follow-up MR exam performed 3 months after surgical resection of an epidermoid tumor in a 38-year-old man. (A) CT 
images show an abnormal hypodense area at the surgical site. (B) Axial FLAIR images and (C) axial contrast-enhanced T1-weighted 
images demonstrate post-surgical changes in the brain parenchyma, as well as an area of slightly hyperintensity on FLAIR images and 
isointensity on T1-weighted image that may represent residual tumor. (D) Axial diffusion-weighted images can easily show a hyper-
intense lesion, which represents residual tumor, surrounded by a hypointense area, corresponding to post-surgical changes. (E) ADC 
maps obtained also demonstrate the difference between the residual tumor, with isointensity relative to normal brain tissue, and the 
hyperintense area corresponding to post-surgical changes, fi lled with cerebrospinal fl uid.
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presumably because of the densely packed tumor cells and 
high nuclear-to-cytoplasmic ratio (Figure 25.16) [71,72]. 
In one report, the solid enhancing portion of cerebellar 
hemangioblastomas on post-contrast T1-weighted images 
was, together with other posterior fossa neoplasms, the 
only one to demonstrate hypointensity on DWI. The main 
explanation for the high ADC values in these tumors was 
suggested to be due to the rich vascular spaces present in 
hemangioblastomas [73].

Diffusion tensor imaging has also been used to attempt 
grading brain neoplasms and seems to provide some utility 
by assessment of tumor cellularity. To date, the additional 
information provided by DTI has not yet been shown to 
correlate with tumor cellularity [74], since a high degree of 
fi ber tract disorganization in the tumor core is thought to be 
present [75]. Nevertheless, one report has argued that frac-
tional anisotropy can distinguish high-grade gliomas from 
low-grade gliomas [76]. This study found a signifi cant differ-
ence between the fractional anisotropy when only the solid 
portion of the lesion was analyzed, avoiding the necrotic 
and cystic portions. The FA values in high-grade gliomas 
were higher than those in the low-grade gliomas, which 
was taken to suggest higher symmetry of histologic organi-
zation. However, these results are somewhat contradictory 
to the usual understanding of the microstructure of high-
grade gliomas. The histological characteristics of high-grade

gliomas compared with those of low-grade gliomas typi-
cally reveal pleomorphologic structures and a regressive 
organization rather than an increase in parallel histological 
organization [76]. A separate report found no differences 
between low- and high-grade gliomas with regards to FA 
values in the tumor center. This may be consistent with the 
disorganization of fi ber tracts in the center of both entities, 
resulting in a loss of structural organization [75]. FA values 
within epidermoid tumors were higher than in the normal 
white matter, perhaps because of the high packing density 
of the cells and their solid-state cholesterol [77].

The hope for mean diffusibility in brain tumors to be 
a parameter for tumor classifi cation has yet to be fulfi lled. 
Further complicating this situation is that mean diffusibil-
ity in brain tumors is likely infl uenced by tumor cellularity, 
intra- or extracellular edema and tumor necrosis, at least 
at the typical b value of 1000 s/mm2. This multifactorial 
infl uence likely makes mean diffusibility too non-specifi c a 
parameter for tumor grade or infi ltration and does not give 
a specifi c perception of tumor classifi cation [75].
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FIG. 25.10. An 84-year-old woman with meningioma. (A) Axial
post-contrast-enhanced T1-weighted image (B) and axial T2-
weighted image (C) show an extra-axial enhancing lesion in 
the right cerebello-ponto-medullary angle cistern. Axial DWI (D) dem-
onstrates increased signal intensity due to restricted diffusion, 
caused by increase in cellularity.
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FIG. 25.11. A 23-year-old man presenting with early onset 
of headache and speech diffi culties. (A) Axial post-contrast 
T1-weighted image and (B) T2-weighted image show an expansive, 
necrotic rim-enhancing lesion, surrounded by vasogenic edema, 
causing mass effect to the adjacent brain parenchyma compressing 
the ipsilateral ventricle. The lesion has restricted diffusion, due to 
its high viscosity content, presenting with high signal intensity on 
DWI (C) and low ADC values (D).
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FIG. 25.12. A 48-year-old man with glioblastoma multiforme. (A) Contrast-enhanced, axial T1-weighted image shows an enhancing 
necrotic mass, surrounded by abnormal hyperintense area on the axial T2WI (B). This abnormal hyperintense T2WI area can repre-
sent peritumoral edema and/or infi ltrating tumor. The tumor is iso-hypointense on the T2WI, indicating high cellularity, which is also 
demonstrated as a restricted diffusion on the DWI (C) and on the ADC map (D).
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FIG. 25.13. A 65-year-old man complaining of cognitive impairment with anaplastic astrocytoma. (A) Contrast-enhanced, axial, 
T1-weighted image shows a round cortical lesion with a slight contrast enhancing in the left occipito-parietal lobe, with hyperintensity 
on FLAIR (B) and diffusion-weighted images (C) and restricted diffusion on ADC maps (D). (E) The lesion also has hyperperfusion 
representing neoangiogenesis.
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PREOPERATIVE PLANNING AND 
PERITUMORAL MARGINS

The precise determination of the margins of the tumor 
is considered by many investigators to be of the utmost 
importance to the management of brain tumors. The goal 

of a surgical approach to the brain neoplasm is the com-
plete resection of the tumor, coupled with minimum neu-
rological defi cit [78]. While a variety of approaches has 
been used, diffusion imaging has also been enlisted in 
the attempt to determine the margins of tumors in the 
brain. Some suggest DWI can provide information about 
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FIG. 25.14. A biopsy-proven low-grade glioma 
in a 43-year-old man, presenting with focal partial 
seizures in the right arm for 15 days. An expansive 
lesion with hypointensity on T1-weighted image (A) 
and hyperintensity on T2-weighted image (B) and 
FLAIR image (C), which does not enhance in the post-
contrast enhanced T1-weighted image (D). Axial 
diffusion-weighted image does not show restricted dif-
fusion (E).
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FIG. 25.15. A 72-year-old female, presenting with cognitive impairment and mental and language disturbance for 20 days, with 
a biopsy proven diagnosis of lymphoma. (A) Axial T1-weighted image shows a hypointense lesion in the corona radiata, which 
enhances after intravenous injection of contrast (B) and has hyperintensity on FLAIR image (C). The lesion does not have hyperper-
fusion on relative cerebral blood volume maps (D). (E) Magnetic resonance spectroscopy demonstrates markedly elevated lactate/lip-
ids peaks and a low N-acetyl-aspartate peak. There is also noted a slight increase on choline peak. The lesion has restricted diffusion 
demonstrated by hyperintensity on diffusion-weighted image (F), confi rmed by low apparent diffusion coeffi cient values. 
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peritumoral neoplastic cell infi ltration [12,56–61], perhaps 
even help discriminate the boundaries between tumor, 
infi ltrating tumor, peritumoral edema and normal brain 
parenchyma [12,23,56,79]. It is well known that high-grade 
tumors tend to spread diffusely across the brain, moving 
along the fi ber tracts [80,81]. However, not all studies have 
found DWI to be helpful in the evaluation of tumor exten-
sions [48,64,82], most likely because of the diffi culty in fi nd-
ing the borders of some tumors, even on histopathology. 
Given these confl icting fi ndings, it remains unclear whether 
diffusion-weighted imaging or diffusion tensor imaging 
is a useful tool to predict the true extent of a brain tumor. 
Due to the challenges of obtaining a histologic standard of 
reference (‘gold standard’), it is reasonable to question DWI’s 
ability to distinguish neoplastic cell infi ltration beyond the 
enhancing portion of the lesion on the abnormal hyperin-
tense T2-weighted image, which traditionally is thought to 
represent vasogenic edema with or without tumor invasion.

Some investigators believe that metastases with peri-
lesional edema have higher ADC values than a primary 
brain tumor with peritumoral edema and these investigators 
have suggested that higher ADC values may allow better

differentiation between metastases and primary lesions [58].
In high-grade gliomas, the abnormal hyperintense 
T2-weighted image is thought to represent not only vasogenic 
edema, but also infi ltrative neoplasm cells. The normal 
white matter extracellular space contains a complex matrix, 
which restricts the free motion of water molecules [83]. 
Increased permeability of the blood–brain barrier produces 
a vasogenic edema that surrounds the brain tumor [84]. 
Invasive neoplasm cells have been found to destroy the 
extracellular matrix [85]. Following this logic, cell infi ltra-
tion alters the integrity of extracellular matrix, reducing the 
obstruction for free water molecules to diffuse. However, 
this logic is somewhat speculative and vasogenic edema 
with neoplasm cell infi ltration may be found in high-grade 
gliomas, while in cases of meningiomas, metastases and 
low-grade gliomas vasogenic edema without neoplasm 
infi ltration is seen – both with similar ADC values.

While the specifi c biophysics of perilesional edema 
remains unclear, and ADC alone may not differentiate 
peritumoral edema with infi ltration from peritumoral 
edema without infi ltration, a number of investigators have 
reported that DTI can detect variations in FA values around 
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FIG. 25.16. A 7-year-old boy with medulloblastoma, presenting with headache, vomiting, gait disturbance and behavior 
impairment. An expansive heterogeneous lesion, localized in the fourth ventricle, has isointense signal intensity on T1-weighted 
axial image (A), hyperintense on T2-weighted axial image (B) and enhances after contrast intravenous injection (C). The lesion has 
restricted diffusion on diffusion-weighted image (D), due to the hypercellularity. The lesion also presents hyperperfusion (E) and on the 
MR-spectroscopy (F) a high peak of choline, low peak of NAA and an elevation on lactate/lipids levels are also noted.
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FIG. 25.17. Pattern of main fi ber tract involvement: displaced. 
Maintained normal or slightly decreased anisotropy, situated in 
an abnormal location or presenting in an abnormal orientation. It 
confi rmed an intact tract.

FIG. 25.18. Pattern of main fi ber tract involvement: disrupted. 
Marked reduced anisotropy and unidentifi able orientation color-
coded fractional anisotropy maps.

lesions. This has, in turn, led some to speculate that these 
variations may be due to the presence of infi ltrative tumor. 
However, it is not clear if infi ltrating tumor will destroy fi bers 
and therefore result in lower FA, or if the tumor infi ltrating
along the fi bers actually increases FA by having more 
ultrastructure aligned with the fi bers. One report did not 
fi nd any signifi cant difference in the FA values of either the 
enhancing or non-enhancing portion of the two neoplas-
tic lesions [86], while another report has verifi ed that the 
periphery of low-grade gliomas, without abnormal hyper-
intense signal on the T2-weighted images, contains a con-
siderable amount of preserved fi ber tracts (high FA values), 
whereas most tracts are disarranged in high-grade glio-
mas (low FA values) [75]. Diffusion tensor imaging seems 
to demonstrate that the periphery of low-grade gliomas 
contains preserved fi ber tracts, whereas most tracts are 
disarranged in grade III gliomas. However, the presence of 
edema can obscure fi ber tracts that are present.

The involvement of the white matter tracts can often be 
identifi ed in brain tumor patients by using either anisotropy 
maps (FA maps are the most widely used) or tractography 
or both. Based on DTI fi ndings resulting from studies of 
brain tumor patients, the white matter involvement by a 
tumor can be arranged into fi ve different categories [62,63]:

1 Displaced: maintained normal or slightly decreased 
anisotropy relative to the contralateral tract in the 
corresponding location, but situated in an abnormal 
T2WI signal intensity area or presented in an abnormal 
orientation (Figure 25.17)

2 Invaded: reduced anisotropy; the main fi ber tracts 
remained identifi able on orientated color-coded FA 
maps (Figure 25.18)

3 Disrupted: marked reduced anisotropy; the main fi ber 
tracts are unidentifi able on oriented color-coded FA 
maps (Figure 25.19)

4 Infi ltrated: slightly reduced anisotropy without displace-
ment of white matter architecture; the fi bers remain 
identifi able on orientation maps (Figure 25.20)

5 Edematous: marked reduced anisotropy with normal 
anisotropy and normal orientated on color-coded FA 
maps, but located in an abnormal T2WI signal intensity 
area (Figure 25.21) [74].

Displacement rather than destruction of white matter 
fi bers (as suggested by FA) around low-grade gliomas has 
been described [14,77] and this is consistent with structural 
imaging approaches. Low-grade neoplasms (see Figure 25.5) 
are typically well-circumscribed lesions that do not cause 
invasion or destruction of fi ber tracts. Such lesions tend to 
produce a displacement or deviation of surrounding white 
matter fi bers (Figure 25.22). This is not absolute: one study 
described a case in which the corticospinal tract had been 
infi ltrated by an oligodendroglioma that, nevertheless, had 
spared the motor strip and the posterior limb of the inter-
nal capsule [87]. Furthermore, displacement rather than 



infi ltration of the adjacent white matter tracts has also 
been described in cerebral metastases [14] and meningi-
omas [88]. Finally, in some cases of high-grade gliomas, the 
tumor could cause not only invasion and disruption of the 
main fi ber tracts, but also associated displacement (Figure 
25.23). So while DTI can identify tracts and help determine 
the presence or absence of invasion versus displacement, the 
presence or absence of displacement does not appear to be 
highly diagnostic for high- or low-grade malignancy.

Both vasogenic edema and tumor tissue appear to be 
more isotropic than normal white matter. Thus, the ani-
sotropy in the T2WI hyperintense area that surrounds the 
tumor is typically reduced, either because of invasion of 
neoplastic cells or because of edema. One report has noted 
that, in patients with high-grade gliomas, but not with low-
grade gliomas or cerebral metastases, the anisotropy is also 
low in the white matter areas adjacent to tumors that look 
normal on T2WI (as compared with the contralateral hemi-
sphere) [14]. The same situation has been reported in lym-
phomas. When compared with the abnormal white matter 
adjacent to metastases, decreased anisotropy in the abnor-
mal white matter that surrounds the gliomas was demon-
strated [87]. FA values decrease in the abnormal area that 
surrounds high-grade tumors on T2-weighted imaging. 
Again, this presumably happens because of increased water 
content and also tumor invasion [15]. This is not uniform: 
a certain number of studies have not found any difference 
in the analyses of abnormal white matter adjacent to high-
grade gliomas and metastases [15].

One important fi nding, the presence of tract disrup-
tion, is mostly found in high-grade tumors and is thought 

FIG. 25.19. Pattern of main fi ber tract involvement: invaded. 
Reduced anisotropy, but remaining identifi able on orientation 
color-coded fractional anisotropy maps.

FIG. 25.20. Pattern of main fi ber tract involvement: infi ltrated. 
Slightly decreased anisotropy without displacement of white mat-
ter architecture, remaining identifi able on orientation color-coded 
fractional anisotropy maps and tractography.

FIG. 25.21. Pattern of main fi ber tract involvement: edema-
tous. Marked reduced anisotropy with normal orientation, but 
located in an abnormal T2-weighted signal intensity area.
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to be caused by a combination of peritumoral edema, 
tumor mass effect and tumor infi ltration effect (Figure 
25.24) [14,88]. While anatomic disruption and functional 
disruption are not necessarily equivalent, the ability to 
visualize tracts has led to a number of investigations in this 
area. The main fi ber tracts are infi ltrated in cases of glioma-
tosis cerebri, which has a specifi c histopathologic behavior. 
In this lesion, the neoplastic cells form parallel rows among 
nerve fi bers, preserving them. However, there is destruc-
tion of the myelin sheaths. Thus, the anisotropy is slightly 
reduced when compared to normal subjects, but increased 
when compared to high-grade gliomas [89]. The main fi ber 
tracts can remain identifi able on orientation maps and also 
on the tractography (Figure 25.25).

Metastatic lesions are surrounded by abnormal T2WI 
that most likely consist of vasogenic edema. The edema-
tous areas have reduced FA values. This fact is typically 
explained by an increase in water content rather than by 
destruction or invasion of nerve fi bers to be consistent 
with neuropathologic fi ndings (Figure 25.26). DTI has not 
been reported to help in differentiation of apparently nor-
mal white matter from edematous brain and enhancing 
peritumoral margins [90]. The drop in FA values of the area 

infi ltrated by cell tumors is lower than that in the peritu-
moral edema [2,13,74]. DTI can distinguish edematous 
areas with intact fi bers – mostly found in metastases – from 
disrupted fi bers – mostly found in high-grade gliomas [91].

Intracranial neoplasms may involve both the func-
tional cortex and the corresponding white matter tracts. 
The preoperative identifi cation of eloquent areas through 
non-invasive methods, such as blood oxygen level depend-
ent (BOLD) functional MR imaging (fMRI) and DTI tractog-
raphy, offers some advantages; not only can it reduce the 
time of surgery in some instances, but it may also minimize 
some intraoperative cortical stimulation methods, such as 
the identifi cation of language cortex [91]. Until recently, 
preoperative and perioperative methods to evaluate brain 
function of patients with brain tumors were restricted to 
cortical activation studies. Increasingly, however, investiga-
tors are beginning to combine fMRI with DTI. The attrac-
tion is that fMRI can be an accurate and non-invasive 
method used to map functional cerebral cortex, identifying 
eloquent areas in the cortex and displaying their relation-
ship to the lesion [92], whereas DTI may be able to identify 
accurately the main fi ber tracts to be avoided during surgery 
so as to safely guide the tumor resection [2]. Consequently, 
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FIG. 25.22. A 42-year-old man with a 
diagnosis of a low-grade astrocytoma pre-
sented with early onset of focal seizures. (A) 
The MRI examination demonstrates an expan-
sive lesion in the perirolandic area, which 
does not have hyperperfusion. (B) The mass 
lesion causes displacement of the main fi ber 
tracts adjacent to the tumor, which is well 
demonstrated on tractography. There seems 
to be invasion or disruption of these tracts.



the combination of DTI tractography and fMRI might allow 
us to map precisely an entire functional circuit (Figure 
25.27) [93]. Even though fMRI locates eloquent cortical 
areas, determination of the course and integrity of the fi ber 
tracts remains essential to the surgical planning [91,94]. 
This identifi cation of the fi ber tracts can facilitate reach-
ing a decision regarding the likelihood of an operation [2]. 
As a result, neurosurgeons may have more information to 
inform the choice of surgical approach to be taken. This 
better evaluation of risks by neurosurgeons is possible if 
they can know the spatial relation between the tumor and 
major fi ber tracts [41] and thereby avoid postoperative neu-
rological defi cit [3,94]. However, this remains to be proven 
in randomized trials.

Many investigators hope that the combined use of fMRI 
and DTI tractography might defi ne the structural basis 
of functional connectivity in normal and pathological 
brains [95] and allow for improved intraoperative guidance. 
Since fMRI is, in many instances, able to depict the exact 
location of the motor cortex, it should be possible to delin-
eate the corticospinal tract (CST) by DTI tractography. 

Modern neurosurgical navigation systems typically provide 
a probe-guided intraoperative MR display of the brain [96]. 
Such systems are already widely used and, in some cases, 
able to combine the information of fMRI [91,96] with that 
of DTI tractography [93,97] or even of both together [88,92].

INTRAOPERATIVE DIFFUSION IMAGING
The extent of resection of a brain tumor appears to be a 

prognostic factor for survival and time to recurrence [98,99]. 
Therefore, the ability to determine intraoperatively whether 
the resection is incomplete should be highly advantageous 
[100]. Intraoperative MR imaging (iMRI) has been used to 
guide brain tumor resection [101]. With the advent of DTI, 
iMRI can be used to assist in the preservation of the main 
fi ber tracts; this is desirable to avoid postoperative neuro-
logical defi cits.

The rationale for iMRI is straightforward: surgical 
manipulations and maneuvers alter the anatomic position of
brain structures and the tumor [102], and morphological
changes of the brain may also occur between the time of 
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FIG. 25.23. (A,B) An expansive and infi ltrating lesion in a 73-year-old man with left hemiparesis and seizures, with the diagnosis 
of glioblastoma multiforme. The lesion has hyperperfusion (C), markedly elevated choline and lactate/lipids peaks and a low  
N-acetyl-aspartate peak (D). (E,F) Coronal diffusion tensor imaging-fractional anisotropy color-coded maps show that the lesion dislo-
cates and infi ltrates the corticospinal tract and the superior longitudinal fasciculus. There is also distortion of the corpus callosum.
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the preoperative MRI exams and the time of the surgery 
[103]. Therefore, the exact location of brain tumors based 
on preoperative exams may not be the same (i.e. brain shift) 
[104]. Intraoperative MRI has been proposed as a possible 
way to enable neurosurgeons to optimize their surgical 
approaches by avoiding critical structures and the adjacent 
normal brain parenchyma [102]. Some reports suggest that 
in 65–92% of the cases in which neurosurgeons are believed 
to have performed a complete and thorough tumor resec-
tion, iMRI still demonstrates tissue to be resected [101,105], 
because such lesions can be diffi cult to differentiate from 
the normal brain parenchyma visually.

In like manner, many investigators have suggested that 
DTI performed intraoperatively could add information 
regarding the integrity of main fi ber tracts, which again may 
have shifted during the procedure. Findings at iMRI led to 
modifi cation of surgical procedure in almost 30% of patients 
in a recent report [104], with investigators reporting that 
intraoperative DTI is able to depict changes in fi ber orienta-
tion secondary to craniotomy or burr hole procedures [100].

Intraoperative MRI can have the full range of MRI 
capabilities, including functional sequences such as fMRI 
[101] and diffusion-weighted imaging (e.g. screening for 
ischemia) [93]. For example, one report described how 
intraoperative diffusion imaging was performed during 
neurosurgery for the resection of a tumor using an inter-
ventional MRI system [93]. Intraoperative development of 
hyperacute cerebral ischemia had been previously detected 
in two patients and this was confi rmed later by a follow-up 
MR exam. DTI, together with a neuronavigation system, 
was performed in a third patient as an integral part of an 
image-guided tumor resection. After processing the DTI 
data, DTI tractography was performed. The relation of the 
tumor to the anatomy of the white matter fi ber tracts adja-
cent to it was clearly and plainly demonstrated in a case of 
oligodendroglioma. The fi ber tracts were displaced, without 
being infi ltrated or disrupted by the tumor. The complete 
tumor resection was performed without any postoperative 
neurological defi cit.

Registration of the relation between brain tumor lesion 
and main fi ber tracts in the neuronavigator system facilitates 
the preservation of these fi bers. For this purpose, to compen-
sate the brain shift, updating the neuronavigating informa-
tion with intraoperative data should be necessary [100].

Although anecdotal, such reports suggest that intra-
operative diffusion imaging may provide important clini-
cal information, adding substantially to the intraoperative 
information available about the pathologic state of the 
brain parenchyma and the structure of white matter.

POST-TREATMENT EVALUATION
Assessment of treatment response typically relies on 

the assessment of contrast enhancement on subsequent 
imaging studies within 24 hours after the surgical proce-
dure [106] and then later by the evaluation of tumor size 
weeks to months after conclusion of therapy [107]. The 
appearance of a new enhancing area often results in man-
agement alterations, frequently leading to adjuvant therapy. 
A recent report has observed the benefi ts of performing 
DWI in immediate postoperative MR examinations [106]. 
Areas of restricted diffusion were described adjacent to low- 
or high-grade glioma tumor resection cavity. Follow-up MR 
examinations revealed that these areas of restricted diffu-
sion resolved and that contrast enhancing appears in the 
corresponding location. This enhancement subsequently 
regressed to form an area of encephalomalacia. Because 
conventional MR examination at the time of the enhance-
ment period is easily misdiagnosed as tumor recurrence 
or tumor progression, such fi ndings can lead to erroneous 
interpretation of treatment failure and the initiation of a 
new adjuvant therapy. Investigators have concluded that 
a corresponding area of restricted diffusion almost always 
precedes the delayed contrast enhancement described, 
which invariably evolves into encephalomalacia or gliotic 
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FIG. 25.24. A 56-year-old man with an anaplastic astrocy-
toma, presented with right hemiparesis. The contrast-enhanced 
T1-weighted image (A) shows a left frontal lesion that has hyper-
perfusion on the relative cerebral blood volume map (B) – note 
the black signal caused by excessive enhancement with result-
ing T1 effect. (C,D) The axial diffusion-tensor imaging-fractional 
anisotropy color-coded maps demonstrate disruption of the left 
corona radiata (arrow).
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cavity on long-term follow-up studies. While this needs 
to be reproduced in other studies, one can speculate that 
reduced diffusibility in and around the surgery bed may 
represent areas of infarct, ischemia or even venous conges-
tion, secondarily to acute cellular damage, such as surgi-
cal trauma, retraction and vascularity damage, and tumor 
devascularization [66]. Such fi ndings are unlikely to repre-
sent early recurrence (Figure 25.28).

Diffusion-weighted imaging might also be a marker 
for the response to therapy because changes in tumor 
water diffusibility may occur secondarily to changes in cell 
density, a method referred to as ‘functional diffusion imag-
ing’. In this methodology, ADC values are measured over 
time and compared on a coregistered voxel-by-voxel basis. 
In this setting, ADC appears to be a sensitive and early pre-
dictor of therapeutic effi cacy [108]. Specifi cally, investiga-
tors prospectively compared tumor diffusion values at 3 
weeks after initiation of therapy with pretreatment images 
so as to measure ADC changes induced by therapy [109]. If 

this methodology holds up in multicenter trials, it would 
allow a lack of change in ADC values in the tumor to indi-
cate a failure in therapy. This would in turn provide an 
opportunity to switch to a more benefi cial therapy, mini-
mizing the morbidity associated with a prolonged and inef-
fi cient treatment. The logic behind this methodology is 
that successful treatment will result in extensive cell dam-
age, leading to a reduction in cell density. The neoplasm 
cell loss results in an increase in extracellular space that 
can raise free water molecule diffusibility. As increases in 
brain tumor ADC correspond to decreases in tumor volume 
in long-term follow-up studies, DWI may, therefore, be an 
important surrogate marker for quantifi cation of treatment 
response (Figure 25.29).

DTI may also play a role in the management of patients 
undergoing radiation therapy and chemotherapy. By add-
ing information about the location of white matter tracts, 
DTI tractography might be successfully utilized alongside 
fMRI for radiosurgery planning. In theory, this should allow 
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FIG. 25.25. An invading white matter lesion that extends to both hemispheres, involving the fronto-parietal lobes through the cor-
pus callosum in a 68-year-old woman who presented with cognitive impairment. The diagnosis of gliomatosis cerebri was made after 
a biopsy. The lesion does not enhance on the post-contrast T1-weighted image (A), has hyperintense signal on the FLAIR image (B) 
and does not have hyperperfusion on the relative cerebral blood volume map (C). Magnetic resonance spectroscopy shows a high 
myoinositol peak, a moderately high choline peak and a subtle reduction on the N-acetyl-aspartate peak (D). The diffusion-tensor 
images-fractional anisotropy color-coded map (E) and tractography (F,G) demonstrate that the main fi ber tracts are preserved. This is 
probably explained by the fact that gliomatosis cerebri is a diffusely invading lesion that preserves the normal underlying cytoarchitec-
tural pattern because it does not destroy the nerve fi bers.
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a reduction of the dose applied, as well as of the volume of 
normal brain irradiated with a high dose, hopefully reduc-
ing necrosis [14]. DTI may also help in the early detec-
tion of white matter injuries caused by chemotherapy and 
radiation therapy. A report showed a correlation between 
the reductions of FA values, young age at treatment, an 
increased interval since the beginning of treatment and  
poor intellectual outcome in patients with medulloblast-
oma [110]. The possibility of using FA or other DTI changes 
as a biomarker for neurotoxicity is enticing.

POTENTIAL FUTURE APPLICATIONS
While diffusion-weighted imaging has been recently 

used to assess brain tumor diagnoses and treatments, to 
help in the preoperative planning and to guide surgery 
intraoperatively, there are still a number of new areas and 
possibly future applications. These include therapy moni-
toring (such as the functional diffusion method described 
above), monitoring radiation or other treatments via quan-
titative assessment of white matter changes as a marker for 
toxicity, plasticity after surgery, radiation, or other treat-
ment, and so on. However, many of these techniques will 
require improved image quality. Specifi cally, diffusion-
weighted imaging is an echoplanar sequence that suffers 
from a low signal-to-noise ratio (SNR) due to the need for 
rapid acquisition approaches. The types of quantifi cation of 
diffusibility or anisotropy that might allow these advanced 
applications are very sensitive to inadequate SNR. Mean 
diffusibility and fractional anisotropy values may vary 
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FIG. 25.26. A 50-year-old woman with new onset of seizures 
and history of breast cancer. A round rim-enhancing with a necrotic 
center (A) and hyperperfusion (B) lesion is surrounded by peritu-
moral edema, consisting of breast cancer metastasis. Axial (C) and 
coronal (D) diffusion-tensor images-fractional anisotropy maps show 
the edematous changes in the FA values. Thus, it is diffi cult to identify 
the main fi ber tracts within the vasogenic edema. This does not nec-
essarily mean that these fi bers are infi ltrated or disrupted, however.

FIG. 25.27. The whole brain func-
tional circuit demonstrated with the 
diffusion-tensor MR-image (A) and 
tractography (B) together with the 
BOLD sequence (C).



with different SNR. With the appropriate SNR, and if more 
powerful gradients could be used, a smaller voxel could be 
obtained in a clinically acceptable measurement time. The 
voxel size typically used in diffusion images is big enough 
to cause partial-volume effect and this makes the correct 
identifi cation of the intersection fi bers diffi cult within the 
same voxel. A smaller voxel size may be helpful in solving 

the problem of crossing fi bers and could be useful to deline-
ate small white matter structures. Some have demonstrated 
a better SNR in a 3.0 T scanner. However, some challenges 
remain including geometric distortions [111]. More impor-
tantly for the future, however, will be the move beyond 
the tensor representation of diffusion. This model fails to 
account for cases of intersection and dispersion of fi bers 
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FIG. 25.28. A patient presenting with an expansive round 
rim-enhancing lesion on the post-contrast T1-weighted images 
(A), with necrotic center and surrounded by hyperintense area 
on FLAIR images (B), that may consist of neoplasic infi ltration 
and/or vasogenic edema. The diagnosis of glioblastoma mul-
tiforme was done after brain biopsy. The follow-up exam, after 
surgery, shows a partial resection of the lesion (C,D). The diffu-
sion-weighted images (E) and the apparent diffusion coeffi cient 
maps (F) show an area of restricted diffusion just adjacent to the 
surgery bed, consisting of acute infarct.
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FIG. 25.29. A 43-year-old man with a biopsy-proven diagnosis of pinealoblastoma. The post-contrast T1-weighted images (iA–D) 
show an expansive enhancing round lesion in the pineal. There is also leptomeningeal dissemination to the cranial nerves and the 
cerebellum sulcus. The lesion also has areas of restricted diffusion (iE–H). The follow-up exam after chemotherapy and radiotherapy 
shows that the lesion decreased in size, there is no more leptomeningeal enhancement on the post-contrast T1-weighted images (iiA–
D). In the axial diffusion-weighted images there are no more restricted diffusion areas within the lesion. The apparent diffusion coef-
fi cient values are higher, this might suggest a positive response to therapy (iiE–H).



in a same voxel [112]. Because insertion of fi bers is the key 
event in linking white matter to gray matter, and because 
so much of the brain is composed of regions of intersect-
ing fi bers, it seems highly likely that a method that goes 
beyond the tensor, to so-called ‘supertensor’ representations 
will become useful once the technology allows these tech-
niques to be practical. One such approach is called dif-
fusion spectrum imaging (DSI); other variants of this 
same approach go by other acronyms (e.g. high angular 
resolution diffusion imaging, or HARDI) but the con-
cept is the same: to move beyond the limitations of the 
tensor model. With the increasing popularity of DTI, its 
limitations will become familiar to more investigators and 
these more advanced methods will likely become the domi-
nant approach for investigating the brain. The better under-
standing and assessment of both large and small fi bers 
will almost certainly help in the evaluation of the relation-
ship between brain neoplasm lesions and the underlying 
normal anatomy.

LIMITATIONS
Although initial reports suggest advantages of DWI and 

DTI in the evaluation of patients with brain tumors, these 
reports are largely single-center, uncontrolled, preliminary 
fi ndings. Therefore, these results must be cautiously inter-
preted. Multicenter studies are sorely needed. There are dif-
fi culties in designing prospective studies that assess certain 

methods such as intraoperative MRI, where blinding is dif-
fi cult and bias inevitably is present.

As suggested above, there remain substantial techni-
cal hurdles, even though the rapid evolution of MRI sys-
tems is making ever more powerful approaches possible. 
Improvements are particularly welcome given the limited 
signal-to-noise ratio of diffusion overall. For example, the 
limited spatial resolution of EPI approaches may lead to 
reduced sensitivity. The method herein assessed is only 
capable of depicting the prominent fi ber tracts [13,112] and 
more advanced approaches (e.g. DSI) may be much more 
useful in the future. Susceptibility artifacts can cause image 
distortion that prevents DTI data from being accurately ana-
lyzed [13] and numerous other technical challenges remain.

SUMMARY
Diffusion imaging seems to offer the possibility to add 

important information to presurgical planning. Although 
experience is limited, DTI seems to provide useful local 
information about the structures near the tumor and this 
appears to be useful in planning. In the future, DTI may 
provide an improved way to monitor intraoperative surgi-
cal procedures as well as their complications. Furthermore, 
evaluation of the response to treatment with chemotherapy 
and radiation therapy might also be possible. Although dif-
fusion imaging has some limitations, it is an area of active 
investigation and implementation in clinical practice.
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INTRODUCTION
The capability of MR to measure and image molecular 

diffusion has provided a new source of image contrast that 
gives information clearly different from that provided by 
T1- and T2-weighted images. Stejskal and Tanner [1] intro-
duced a spin echo sequence with strong gradient pulses on 
both sides of the inverting 180� pulse. In clinical scanners, 
each gradient is typically applied for a duration of several 
ten-milliseconds, during which time the average water mol-
ecule in brain tissues may migrate 10 or more micrometers 
in a random direction. In pure water, with a diffusion con-
stant D and a diffusion-weighting b exerted by the gradients, 
the irregularity of molecular motion causes an attenuation 
of the MR signal by the factor exp(�Db). The diffusion coef-
fi cient of water in tissues is much lower than the diffusion 
coeffi cient of pure water, since molecular displacement of 
water is impeded by the many intracellular or extracellular 
structures, such as macromolecules, organelles and mem-
branes. An obvious application of this difference in diffusion 
is the differentiation between fl uid-fi lled cysts and tissue. 
Diffusion differences among diverse tissues and their patho-
logic alterations are less striking, but may still aid in the diag-
nostic image interpretation. In clinical diffusion imaging and 
many research studies, images are sampled only for two or at 
most a few b-factors under 1000 s/mm2 and results obtained 
in tissues are analyzed assuming the monoexponential signal 
decay observed in pure water. Theoretical monoexponen-
tial model extension of data collected in the conventional 
b-factor range would predict the absence of any inter-
pretable tissue signal at very high diffusion-weighting. 
Experimental extension of the b-factor range well beyond 
the typical 1000 s/mm2 limit, however, reveals a more com-
plex behavior of the diffusion-related tissue water signal 
loss. The correct and meaningful physical and physiologi-
cal interpretation of the observed deviation from a mono-
exponential signal loss in tissues is the subject of an ongoing 
and intense discussion among leading experts. Nevertheless, 
it appears that analysis of the non-monoexponential signal 
loss can contribute to the tissue differentiation.

In many tissues, when averaged over the macroscopic 
scale of image voxels, the diffusion restriction exerted by the 

intra- or extracellular structures is identical in every direc-
tion, i.e. the observed diffusion is isotropic. Gray matter 
exhibits such diffusion that is largely isotropic. In contrast, 
cerebral white matter is a very structured tissue, where the 
axon arrangement and myelin sheaths ensure anisotropic 
diffusion, such that diffusion parallel to the white matter is 
less restricted than the water diffusion perpendicular to it. 
Diffusion in tumors, except for areas of white matter inva-
sion, shows little anisotropy. Therefore, the primary value 
of imaging the preferred diffusion direction and diffusion 
anisotropy in brain tumor patients lies rather in the evalu-
ation of white matter fi ber tract integrity than tumor tissue 
characterization. Based on geometry and the degree of ani-
sotropy loss, white matter tract alterations caused by tumor 
growth, such as dislocation, swelling, infi ltration and dis-
ruption, can be documented in great detail.

Image data presented here were collected with the 
so-called line scan diffusion imaging (LSDI) technique [2]. 
While this technique is inherently slower than the more com-
monly used single-shot echoplanar diffusion imaging tech-
nique [3], image distortions due to susceptibility variations, 
commonly present in echoplanar images of the orbita, max-
illary cavities and the inferior fossa, are greatly reduced [4,5]. 
Moreover, since chemical shift artifacts tend to be negligible 
with LSDI, fat signal suppression is not required. Unless oth-
erwise noted, LSDI images were obtained with a rectangular 
128 � 96 imaging matrix interpolated to a 256 � 192 matrix, 
220 mm � 165 mm fi eld of view and 4 mm slice thickness, 
2592 ms repetition time (TR) and 69 ms echo time (TE).

CONVENTIONAL DIFFUSION IMAGING 
OF BRAIN TUMORS

Most conventional diffusion imaging protocols acquire 
diffusion-weighted image data with a b-factor of around 
1000 s/mm2. Except for the characterization of fl uid-fi lled 
cysts, such diffusion-weighted images do not permit any 
meaningful interpretation without further post-process-
ing. To eliminate signal variations due to T2 decay and non-
uniform proton density, usually at least two measurements, 
one with diffusion gradients and one without, are obtained 
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and maps of the diffusion constant are then calculated. To 
avoid any ambiguities in the image interpretation, due to 
the directionally dependent restricted diffusion in white 
matter tracts, image data are collected sequentially with dif-
fusion-weighting along three or more orthogonal directions 
and the directionally independent trace or mean apparent 
diffusion constant (ADC) is calculated. An example of a trace 
diffusion-weighted image and trace diffusion map with the 
corresponding T1-weighted and T2-weighted images is pre-
sented in Figure 26.1.

In general, diffusion constants of tumor tissue are 
higher than the diffusion constants of normal white and 

gray matter. The highest diffusion values are found in cystic 
and necrotic parts of lesions. One of the fi rst reported diag-
nostic applications of diffusion imaging in brain tumors 
was the differentiation between epidermoid tumors and 
extra-axial cysts [6,7]. Although fl uid attenuated inversion 
recovery (FLAIR) imaging is also capable of this differentia-
tion, diffusion-weighted imaging (DWI) provides the best 
lesion conspicuity [8]. The water molecules in the fl uid of 
cystic lesions experience no restrictions by cell structures, 
and the diffusion constant is therefore very high and can 
easily be distinguished from the diffusion constant of any 
other tissue, including tumor tissue (Figure 26.2). Similarly, 
diffusion values are also helpful to achieve a higher confi -
dence in differentiating cystic or necrotic tumor lesions 
from an abscess than with conventional MRI alone [9–12]. 
Abscesses are characterized by a diffusion constant that is 
slightly lower than the diffusion constant of white and gray 
matter. Thus, with the exception of the early stage of tumor 
necrosis [11,13] that may also appear hyperintense on dif-
fusion-weighted images, a cerebral abscess should be sus-
pected in all cases of cystic or necrotic masses with high 
signals on diffusion-weighted images and low values on the 
diffusion maps.

Different tumors exhibit a wide range of consistent and 
dissimilar diffusion values. Some pertinent literature values 

FIG. 26.1. Axial brain images of a 43-year-old male patient 
with a recurrent low-grade astrocytoma. (A) T1-weighted post-
contrast spin-echo image (TR 700 ms/TE 14 ms) shows a non-
enhancing lesion. (B) T2-weighted spin-echo image (TR 300 ms/
TE 80 ms) shows the lesion and minor oedema. (C) Trace diffu-
sion-weighted image (b-factor 1000 s/mm2) reveals a distorted 
geometry of the right ventricle and brain surface. (D) On the 
trace diffusion map, in accordance with a high diffusion, the cere-
brospinal fl uid space appears bright (D�3.21 µm/ms2). The diffu-
sion within the tumor lesion is elevated (D�1.36 µm/ms2). Gray 
and white matter show no obvious difference and appear dark 
gray (D � 0.80 µm/ms2).
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FIG. 26.2. Brain images of a giant cell astrocytoma with cyst 
formation in a 51-year-old male patient. (A) Axial T1-weighted 
post-contrast spin-echo image (TR 600 ms/TE 19 ms) shows 
a round lesion with an enhancing rim. (B) The same lesion is 
shown in a coronal trace diffusion map. The non-enhancing cen-
tral portion discerned on the T1-weighted image is distinguished 
by a high diffusion constant (D � 2.82 µm/ms2), which is compa-
rable to the diffusion constant of water at body temperature. The 
diffusion within the enhancing rim is much lower, but partial vol-
ume effects do not permit an exact determination of the diffusion 
constant. The diffusion within the corpus callosum on the contra-
lateral side is elevated due to edema formation (D�1.18 µm/ms2) 
(see also Figure 26.5).
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and their standard deviations are presented in Table 26.1. 
The most comprehensive list of brain tumor values can be 
found in a study by Yamasaki et al [14]. The values pub-
lished by Yamasaki et al agree well with values of several 
other studies that were smaller in scope [15–19], and also 
with values derived from the image data presented here. 
A consistent fi nding is that diffusion values of astrocytic 
tumors seem to be negatively correlated with their respec-
tive World Health Organization (WHO) grade. In agreement 
with the observed correlation, it has been confi rmed both 
qualitatively [20–22] and quantitatively [18,23–27] that the 
diffusion value in tumors is inversely correlated with cell 
density and/or nucleus to cytoplasm ratio. Unfortunately, 
there is a considerable overlap between the tumor specifi c 
ranges of diffusion values. Therefore, the observed diffusion 
value by itself, despite the very intriguing correlation with 
cell architecture, does not generally permit the diagnosis of 
a particular brain tumor. Another confounding factor is that 
the range of diffusion values representative for peritumoral 
edema overlaps with the diffusion value range of most 
tumors. Although Morita et al [28] found that the higher dif-
fusion values of the peritumoral edema observed in high-
grade gliomas (see Table 26.1) may refl ect the destruction 
of the extracellular matrix ultrastructure by malignant cell 
infi ltration, the usefulness of diffusion values to demarcate 
tumor lesion boundaries is very limited. Nevertheless, DWI 

does certainly aid the diagnostic decision based on ana-
tomic features and signal intensities manifest on the T1- 
and T2-weighted images. Yamasaki et al [14] point out that 
once more confi dence has been gained with the diffusion 
values of certain tumor types, DWI may play an important 
role to differentiate between meningiomas and schwanno-
mas, as well as between craniopharyngiomas and pituitary 
adenomas or meningiomas (see Table 26.1).

A unique ability of DWI is to follow drug [29] or radiation 
therapy [30] induced changes in brain tumors. Different tis-
sue reactions can be documented: tumor areas resistant to 
therapy exhibit unaltered diffusion values; areas of transient 
cell swelling or ischemia are characterized by decreased 
diffusion values; meanwhile, areas experiencing cell lysis 
or apoptosis present increased diffusion values. Analysis of 
such diffusion changes during different stages of therapy, 
preferably with the image data coregistered to pretreatment 
scans, permits quantitative documentation of the response 
to therapy. It has also been demonstrated that changes 
observed during the early stages of therapy are an early indi-
cator of the fi nal treatment response [31,32] and the correct 
interpretation, should a tumor be unresponsive to therapy, 
may facilitate a timely decision for alternative therapy.

HIGHLY DIFFUSION-WEIGHTED 
IMAGING OF BRAIN TUMORS

Diffusion-weighted brain images with very high 
b-factors of 5000 s/mm2 or more, which clearly depict 
tissue structures above the noise threshold, can readily be 
obtained on clinical scanners. Examples of such images 
obtained in a brain tumor patient are presented in Figure 
26.3. The additional information gained by high-b DWI 
without further post-processing is fairly limited [33,34]. 
Several analysis methods have been proposed to describe 
the non-monoexponential diffusion-related signal decay. 
The obvious biexponential or multiexponential analysis 
yields two or more diffusion constants and respective vol-
ume fractions [35,36]. Interpretation of these diffusion con-
stants and volume fractions as an expression of intra- and 
extracellular diffusion has been discussed [37], but has not 
gained unequivocal acceptance. The lack of physiologi-
cal interpretation notwithstanding, added parameters of 
a biexponential analysis do permit a better tissue charac-
terization than a monoexponential analysis alone. Yoshiura 
et al [38] and Maier et al [39] found that biexponential dif-
fusion signal analysis, unlike monoexponential analysis, 
permits a clear separation of gray and white matter. Maier 
et al [40] also found that biexponential fi t parameters derived 
from wide-range diffusion-weighted image scans are useful 
for tumor tissue characterization. They demonstrated that 
tumor tissue can be differentiated both from normal and 
edematous white matter: from normal white matter by the 
diffusion constant of the fast diffusing component, and from 
edematous white matter by the volume fraction of the slow 
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T A B L E  2 6 - 1  Diffusion values of normal and pathologic 
tissues in the brain

Tissue ADC �m/ms2

Normal white matter 0.705 � 0.014 [4]
Deep gray matter   0.75 � 0.03 [62]
Cystic/necrotic tumor areas   2.70 � 0.31 [11]
Vasogenic (peritumoral) edema   1.30 � 0.11 [16]
Peritumoral edema (high-grade  1.825 � 0.115 [28]
  glial tumors)
Cytotoxic (ischemic) edema   1.04 � 0.05 [16]
Abscess   0.65 � 0.16 [11]

WHO grade I Pilocytic astrocytoma 1.659 � 0.260 [14]
WHO grade II Diffuse astrocytoma 1.530 � 0.148 [14]
WHO grade II ependymoma 1.230 � 0.119 [14]
WHO grade III Anaplastic astrocytoma 1.245 � 0.153 [14]
WHO grade IV Glioblastoma 1.079 � 0.154 [14]
WHO grade IV PNET 0.835 � 0.122 [14]
WHO grade IV Medulloblastoma   0.66 � 0.15 [15]

Craniopharyngioma 1.572 � 0.210 [14]
Schwannoma 1.384 � 0.140 [14]
Epidermoid 1.263 � 0.174 [14]
Germ cell tumor 1.189 � 0.175 [14]
Pituitary adenoma 1.121 � 0.202 [14]
Meningioma 1.036 � 0.270 [14]
Malignant lymphoma 0.725 � 0.192 [14]
Metastatic tumor 1.149 � 0.192 [14]
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diffusing component. The separation is possible in principle, 
but the computed maps are plagued by low signal-to-noise 
ratio and limited spatial resolution. Moreover, the simulta-
neous interpretation of multiple computed parameter maps 
is cumbersome. In a totally different approach, it was dem-
onstrated that the χ2 (chisquare) error parameter associated 
with monoexponential fi ts of the tissue water signals, meas-
ured at typically between four to sixteen different b-factors, 
can also be used to characterize the deviation from a simple 
monoexponential signal decay on a pixel-by-pixel basis (see 
Figure 26.3F) [41]. Indeed, such χ2 -maps are convenient to 
interpret and permit good visualization of spatial details, 
and the resulting lesion contrast by far exceeds the contrast 
of biexponential parameter maps. In peritumoral edema, 
χ2 values were on average 68% higher than in normal white 
matter. A remarkable departure from a simple monoexpo-
nential signal decay, with average χ2 values almost 400% 
higher than in normal white matter, occurred in highly 

malignant primary brain tumors, such as glioblastomas (see 
Figure 26.3) or anaplastic astrocytomas. Unlike the enhance-
ment of T1-weighted post-contrast images, such enhance-
ment was consistently observed in the solid part of tumors. 
On the other hand, low-grade astrocytomas, one case of 
ganglioglioma (Figure 26.4), and metastases, demonstrated 
χ2 values that were not profoundly different from the χ2 
value of white matter.

Presently, clinical routine MRI characterizes the 
extent of brain tumors by the appearance of the margins on 
T1 contrast-enhanced images. In brain tumors, the 
mechanism of T1-weighted contrast after paramagnetic 
contrast agent injection is known to be a local breakdown 
of the blood–brain barrier. However, tumor growth is not 
always associated with a leaking blood–brain barrier and 
the contrast agent enhancement is not specifi c. It could be 
due to tumor tissue itself, infl ammation, increased perme-
ability of blood vessels or other abnormal changes. High-b 

FIG. 26.3. Axial brain images and diffusion-signal plot of a frontal glioblastoma with postoperative cyst formation in a 38-year-
old male patient. (A) Axial T1-weighted post-contrast spin-echo image (TR 600 ms/TE 25 ms) predominantly shows the margins and 
not the solid part of the tumor. (B) LSDI image (64�48 imaging matrix interpolated to a 256�192 matrix, 220 mm�165 mm fi eld 
of view, 7.3 mm slice thickness, 2040 ms TR, and 94 ms TE) with a b-factor of 5 mm/s2 appears basically T2-weighted and visualizes 
the extent of edema. (C) LSDI image with a b-factor of 1000 mm/s2 demonstrates the appearance with conventional diffusion weight-
ing. (D) Highly diffusion-weighted LSDI image with a b-factor of 3000 mm/s2. (E) Very high diffusion-weighted LSDI image with a 
b-factor of 5000 mm/s2 exhibits signal above the noise threshold for all tissues. Extraordinarily high residual signal, despite high dif-
fusion weighting, is observed in the solid part of the tumor. LSDI images were all obtained with a single diffusion encoding direction. 
(F) Computed χ2 error map of the monoexponential fi t to the diffusion related signal decay reveals enhancement of the solid part of the 
tumor. Other areas of enhancement are due to partial volume effects in voxels with non-uniform tissues. (G) Plots of diffusion-attenuated 
signal versus b-factor for normal white matter (WM), tumor, and noise. The solid lines show the signal decay predicted by a monoexpo-
nential fi t through the fi rst four signal values up to a b-factor of 1000 mm/s2. Evidently the signal decays much slower than a monoexpo-
nential fi t of the signal measured over the conventional b-factor range would predict. The diffusion values measured with conventional 
diffusion imaging (b�1000 mm/s2) were 1.10 µm/ms2 for tumor and 0.74 µm/ms2 for normal-appearing white matter.
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DWI, although currently purely experimental, seems to 
provide tumor contrast clearly different from the contrast 
observed on T1-weighted images. It should be added that 
diffusion-based tissue differentiation does not depend on 
the effect of contrast agents, since with the common imag-
ing protocols the diffusion-weighted images are only mini-
mally T1-weighted. A remarkable fi nding of the analysis of 
the non-monoexponential diffusion-related signal decay in 
tumor patients is the observation of strong enhancement 
outside the tumor boundaries confi rmed by T1 contrast-
enhanced imaging. Although in some instances this can 
be attributed to partial volume effects, such enhancement 
seems to indicate malignant cell infi ltration [41]. Indeed, 
average cell size (cell density), cell-size distribution (cell-size 
irregularity) and nucleus to cytoplasm size ratio, are contrast 
agent independent parameters that appear to have pro-
found effects on diffusion and, in particular, the observed 
deviation from a monoexponential signal decay. The very 
same parameters permit defi nitive differentiation between 
pathologic and normal tissue, when histological analysis 
is applied.

DIFFUSION TENSOR IMAGING OF 
NERVE FIBER TRACT INTEGRITY IN 
BRAIN TUMOR PATIENTS

A general model for the restricted diffusion is well rep-
resented by the work of Basser and colleagues who have 
incorporated the diffusion tensor formalism into diffusion 
data analyses [42]. With diffusion tensor imaging (DTI) a 
minimum of six diffusion-weighted images with different 

diffusion encoding directions is acquired. Subsequent com-
putation of the diffusion tensor yields for each voxel three 
diffusion coeffi cients (diffusion eigenvalues) along three 
orthogonal principal directions (diffusion eigenvectors). 
In white matter, the eigenvector associated with the largest 
eigenvalue defi nes the tissue’s fi ber tract axis [43]. The direc-
tional variability of restricted diffusion is usually quantifi ed 
by the rotationally invariant fractional anisotropy (FA) index 
[44], which ranges from 0 (isotropic diffusion) to 1.0 (totally 
restricted diffusion). The different white matter tracts are 
well characterized by their different anisotropy values [45,46] 
and range from 0.81 in the corpus callosum, over 0.62 in the 
internal capsule, to 0.09 in cortical gray matter [46].

Only very few studies have explored diffusion aniso-
tropy inside brain tumors and its potential value for tis-
sue characterization. Inoue et al [47] measured the lowest 
anisotropy in grade I gliomas (FA � 0.150) and the high-
est anisotropy in grade III and IV gliomas (FA � 0.23 and 
0.229). The same group of investigators found that FA in glio-
blastomas is an indicator of cell density and proliferation 
activity [48]. The authors discuss the possibility of residual 
white matter as a factor contributing to the observed diffu-
sion anisotropy in glioblastomas, but have no explanation 
why cell density in the solid core would correlate with the 
measured FA. In an earlier study [49], that concluded diffu-
sion anisotropy added no benefi t to tissue differentiation, 
FA values in the non-enhancing core of high-grade glioma 
tumors were 0.09, in the enhancing tumor core 0.13, and 
in the enhancing tumor margin 0.16. In a more recent 
study [50], FA values differed signifi cantly between low-
grade and high-grade gliomas in the tumor margin, but not 
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FIG. 26.4. Axial brain images of a 24-year-old male patient with a ganglioglioma (WHO grade I). (A) T1-weighted post-contrast 
spin-echo image (TR 500 ms/TE 14 ms) exhibits no enhancement at the location of the tumor. (B) The T2-weighted spin-echo image 
(TR 5600 ms/TE 96 ms) shows the tumor lesion. (C) The χ2 error parameter map computed from trace LSDI data shows no enhance-
ment, except along the rim of the tumor. The enhancement in the orbital cavity visible on the χ2 map is artifactual and caused by eye 
motion. The tumor diffusion value measured with conventional diffusion imaging (b�1000 mm/s2) was 1.37 µm/ms2. LSDI image 
parameters were: 128�96 imaging matrix interpolated to a 256�192 matrix, 220 mm�165 mm fi eld of view, 6 mm slice thickness, 
2682 ms TR and 92 ms TE.
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in the tumor center. This signifi cant difference was believed 
to be the result of a more extensive fi ber tract destruction 
in high grade gliomas than in low grade gliomas, whereas 
in the center of both low grade and high grade gliomas vir-
tually no fi bers remain intact. A modifying or cautionary 
detail to be considered when evaluating areas of low aniso-
tropy is the diffi culty in obtaining reliable anisotropy meas-
ures under unfavorable signal-to-noise ratio conditions 
[44,46]. Indeed, the observed glioma grade dependency of 
the FA value may also be the effect of different enhance-
ment and consequently different signal-to-noise ratios, 
rather than directionally dependent diffusion restrictions.

The phenomenon of diffusion anisotropy is of particular 
interest to studies that evaluate the integrity of white matter 
fi ber tracts. Based on geometry and the degree of aniso tropy 
loss, white matter tract alterations, such as dislocation, 
swelling, infi ltration and disruption, can be documented. 
In the case of brain tumors, such changes are charac-
teristically present in various degree and forms. Figure 
26.5 shows a case where DTI adds valuable information 

regarding fi ber tract dislocation and swelling. A case, where 
DTI reveals partial destruction of a fi ber tract by tumor infi l-
tration, can be seen in Figure 26.6. An example of complete 
fi ber tract disruption visualized with diffusion anisotropy 
imaging is documented in Figure 26.7. Several studies have 
explored the potential of DTI to detect white matter infi l-
tration [51–53]. In high-grade gliomas and meningiomas, 
both Tropine et al [53] and Provenzale et al [52] observed 
for the peritumoral region with increased T2-signal a trend 
towards greater FA reduction in high-grade gliomas. Within 
the normal appearing peritumoral white matter, FA reduc-
tion in high-grade gliomas was signifi cantly larger than 
the FA reduction in meningiomas [52] or metastases [51]. 
Reduced FA values in high-grade gliomas seem to indicate 
changes that are not only related to vasogenic edema, but 
also related to tumor infi ltration. These fi ndings suggest 
a potential role for diffusion imaging in the detection of 
tumoral infi ltration, particularly in areas that appear normal 
on conventional MR images.

More recently, diffusion tensor tractography [54] has 
emerged as a diagnostically helpful application. Diffusion 
tensor tractography uses the principal diffusion direction, 
measured with DTI, to compute the pathways of com-
plete nerve fi ber tracts. The tracing is performed by fi rst 
defi ning positions of interest in a white matter tract. By 
following repetitively and in small steps along spatially 
interpolated directions of maximum diffusion, a contigu-

FIG. 26.5. Coronal diffusion tensor map of giant cell astrocy-
toma with cyst (same patient as shown in Figure 26.2). In-plane 
component of the primary diffusion eigenvector is depicted with 
lines overlaid on the diffusion-weighted image. The out-of-plane 
component of the eigenvector is visualized with red (strong com-
ponent) and blue (intermediate size component) dots. The dif-
fusion tensor map reveals a marked lateral shift of the corpus 
callosum and the cingulum tracts (arrows). Moreover, a widening 
of the left half of the corpus callosum can be discerned. In the 
immediate surrounding of the cyst, fi ber structures appear to be 
intact, but severely distorted.

FIG. 26.6. Axial brain images of a 57-year-old female patient 
with a multifocal glioblastoma. (A) The T1-weighted post-contrast 
spin-echo image (TR 750 ms/TE 14 ms) shows two lesions, one 
of them with invasion into the splenium of the corpus callosum. 
(B) Detail of diffusion anisotropy map with three regions of inter-
est (ROI) drawn in the splenium of the corpus callosum (fractional 
anisotropy: red ROI 0.65, yellow ROI 0.46, green ROI 0.20). 
(C) Same anisotropy map as shown in (B) with overlaid in-plane 
fi ber tracking path, documenting the presence of intact fi bers in 
the tumor-invaded splenium.
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ous path that passes through the initial seed positions is 
defi ned. Visualized with suitable software in two or three 
dimensions, these tracts depict the involved anatomy of 
white matter fi bers (see Figure 26.6C). Thus the departure 
from the basic assessment of the anisotropy of each dif-
fusion tensor to the more elaborate analysis of neighbor 
relations among diffusion tensors opens the possibility for 
assessing in vivo axonal fi ber connectivity and functional 
links between brain regions. Diffusion tensor tractography, 
especially fused together with conventional and functional 
image information, provides a powerful tool to avoid or 
minimize the injury of displaced but still intact fi ber tracts 
during neurosurgery or radiation therapy [55–57].

SUMMARY
Diffusion imaging clearly adds a new dimension to the 

diagnostic imaging of brain tumors. Of all the parameters 

that can be obtained with diffusion imaging, mean diffusion 
appears to be the most ubiquitously useful and most read-
ily interpreted parameter. The value of this parameter lies 
not in the demarcation of tumor boundaries, but rather in 
the defi nitive tissue characterization in some cases where 
T1- and T2-weighted images alone do not provide enough 
diagnostic information. The ability of diffusion imaging to 
document cellular response during drug or radiation ther-
apy is also unique, but requires image registration for reli-
able detection of changes. The application of an extended 
b-factor range and analysis of the non-monoexponential 
diffusion signal decay shows some interesting potential for 
diagnostic imaging in brain tumors. At this point, however, 
this approach should be considered experimental and the 
capability of detecting lesions may only bring to bear when 
faster sequences with improved spatial resolution and better 
signal-to-noise ratio become available. The diffusion aniso-
tropy parameter, which can be obtained with DTI, seems to 
provide useful local information about white matter integ-
rity. DTI is also valuable in the precise localization of white 
matter tracts. Tractography gives a quick and intuitive over-
view of the displaced course of white matter tracts in two or 
three-dimensional space. High-spatial resolution DTI with 
complete brain coverage requires relatively long scan times, 
but the information that can be extracted is extremely 
valuable for brain surgery and radiation therapy. The abil-
ity to obtain such information during surgical procedures, 
when brain structures are likely to shift position, has been 
demonstrated [57,58].

One major limitation of the magnetic resonance dif-
fusion images in comparison to the standard T1- and T2-
weighted images is the inherent low signal-to-noise ratio 
and coarse spatial resolution. Partial volume effects pre-
vent an equally good delineation of lesion boundaries and 
the images obtained with the commonly used single-shot 
echoplanar diffusion imaging method are plagued by geo-
metric distortions. Such distortions may severely limit the 
use of such images for surgical planning or tractography 
[59]. Image post-processing or alternative acquisition tech-
niques, such as LSDI [2], parallel single-shot echoplanar 
diffusion imaging [60], or PROPELLER diffusion imaging 
[61] can overcome these limitations.

R E F E R E N C E S  •  245

FIG. 26.7. Brain images of a 52-year-old female patient with 
a melanoma metastasis. (A) The axial T1-weighted post-contrast 
spin-echo image (TR 750 ms/TE 14 ms) shows a small lesion with 
an enhancing rim within the body of the corpus callosum. (B) On 
the coronal anisotropy map, the same lesion is clearly discerned 
(arrow) as an area with low anisotropy (fractional anisotropy: 
0.11; D�0.99 µm/ms2) within the high anisotropy region of the 
corpus callosum.
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INTRODUCTION
In the brain tumor patient, quality of life is an impor-

tant and often predominant goal of clinical management. 
Commonly, this entails maintaining speech and motor func-
tion. This is often achieved by treating or offering a resec-
tion to a patient whose lesion has not yet invaded eloquent 
cortical areas, but may be affecting function by mass effect, 
edema or seizure genesis. Knowing the location of eloquent 
brain regions can help plan the surgical approach and sway 
decisions on whether to perform intraoperative mapping or 
awake craniotomy. Additionally, it can identify those patients 
who may have anomalous functional organization, poten-
tially changing the clinical management of the patient.

There are many techniques used to localize brain func-
tion in the brain tumor patient including: blood oxygen level 
dependent functional MRI (BOLD fMRI); positron emis-
sion tomography (PET); near infrared spectroscopy (NIRS); 
direct cortical stimulation; magnetoencephalography (MEG) 
and transcranial magnetic stimulation (TMS). Each of 
these techniques has distinct advantages and disadvan-
tages in terms of spatial resolution, temporal resolution, 
invasiveness, sensitivity and interpretation. BOLD fMRI is 
currently the most frequently utilized for the following rea-
sons: BOLD fMRI has excellent spatial resolution; is entirely 
non-invasive (and therefore repeatable) and has a suffi cient 
signal-to-noise ratio on a standard clinical 1.5 T magnet to 
yield reproducible maps of function in most cases.

Here we will discuss the use of BOLD functional MRI in 
the management of brain tumor patients. We will focus par-
ticular attention on presurgical planning using fMRI as this 
tends to be one of its most common uses in the clinical set-
ting. We will detail the procedures for mapping motor and 
language areas, as well as the patient considerations when 
attempting such. We will then talk about specifi c consid-
erations for BOLD fMRI in the presence of a brain tumor. 
Finally, we will outline some common pitfalls in the inter-
pretation of fMRI maps.

GENERAL FMRI CONSIDERATIONS
fMRI takes advantage of the fact that oxyhemoglobin 

is diamagnetic and deoxyhemoglobin is paramagnetic. 
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For example, this means that the gray scale values of the 
voxels covering the motor gyrus in an MR image when the 
patient is resting are different than the gray scale values 
in those voxels when the patient’s fi ngers are moving. As 
a result, because of the need for a statistical comparison 
to generate a functional map, most fMRI paradigms alter-
nate between a rest and an active task state. The task is 
then repeated multiple times for statistical power. There are 
many statistical tests and many statistical packages used 
to analyze the data, but most use either cross correlation, 
t-test or the general linear model.

With this in mind, there are two main types of fMRI 
stimulus presentation paradigms. Figure 27.1 illustrates 
the main differences between event-related and block 
design. Event-related paradigms display stimuli in short 
spurts (one or two stimuli per image acquisition) and then 
return to baseline. This type of paradigm can be ‘fast’ event-
related or ‘slow’ event-related depending on the interstimu-
lus interval. Fast event-related presents the stimuli in quick 
succession whereas slow event-related designs may give a 
stimulus or two and then allow the hemodynamic response 
to recover over the course of a 10 or 12 second baseline, 
for example (the hemodynamic response can take up to 
30 seconds to recover completely) about the exact time 
course of the response to a single or near single event.

The second standard stimulus presentation design is 
termed block design. Block designed paradigms are typi-
cally organized such that alternating blocks of the same type 
of stimuli are presented together. For example, the patient 
might rest or fi xate on a crosshair for 20 seconds and then 
name pictures for 20 seconds. The block design averages 
many images of the same type presented together in time, 
and as a result tends to yield a stronger signal overall than 
you would get from single events in an event-related para-
digm (when comparing the same number of acquisitions). 
Birn et al describe the block and event-related designs as the 
difference between detecting the signal and estimating the 
signal respectively [1,2]. This is to say that the event-related 
design is better at estimating the details of the hemody-
namic response to a single event. In our experience, block 
designs are unequivocally better for brain tumor patients. 
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This may be because their performance is variable and bene-
fi ts from signal averaging. Regardless, using event-related 
designs with patients in our institution is only driven by 
necessity. These paradigms are helpful to researchers inter-
ested in the effects of a brain tumor on brain functioning, as 
the specifi c brain based responses can be studied in detail. 
Additionally, event-related designs have proven useful with 
patients performing vocalized speech paradigms where 
head motion is an issue and the contaminated images can 
be easily extracted when they are in isolation.

SENSORY/MOTOR fMRI
The sensory/motor system is among the most straight-

forward systems to map using fMRI. Common para-
digms include bilateral fi nger tapping where the patient is 
instructed to move their fi ngers sequentially at specifi ed 
times. Sensory stimulation is sometimes achieved by scrub-
bing the patient’s hand with a textured object. Importantly 
though, the selection of task performance should be 
based on the location of the lesion in relation to the motor 
homunculus where each area of the body is spatially rep-
resented in distinct cortical areas. While hand clenching 
or fi nger tapping are common approaches for confi rming 
the location of the motor gyrus, it can be hard to extrapo-
late the location of the motor gyrus inferiorly and medi-
ally given this information alone [3–5]. As a result, a more 

lateral/inferior lesion might benefi t from the additional 
inclusion of a tongue movement paradigm. Figure 27.2 
shows how tongue and hand motor tasks can effectively map 
the different cortical representations of the motor homuncu-
lus. Similarly, a dorsal, medial lesion may require that foot/
leg stimulation be performed. Localizing foot at the most 
medial aspect of the motor strip can nicely defi ne the loca-
tion of foot (and by extrapolation leg function) relative to 
the supplementary motor area and the more lateral (often 
slightly anterior) portion of the motor gyrus. It goes with-
out saying that a smaller matrix size will enable more spe-
cifi c, segregated maps of function (Figure 27.2 � 128 � 128). 
In some cases, the sacrifi ce in the signal-to-noise ratio that 
one makes going from 64 � 64 to 128 � 128 may be advan-
tageous in those cases. In our experience, the motor signal 
tends to be strong and resilient to head motion even in brain 
tumor patients, allowing us routinely to use the higher spa-
tial resolution of 128 � 128.

Another important consideration is the reciprocity 
of neural connectivity between the pre-central and post-
central gyri. This has implications in mapping brain tumor 
patients who may be paretic or completely paralyzed. As 
we will see with language fMRI, it is important to choose a 
task that the patient can do, otherwise, the interpretation of 
the map is diffi cult. This is not the case with localizing the 
motor cortex. If a patient cannot move due to the prese-
nce of a lesion or mass effect, it is reasonable to do a task 

FIG. 27.1. Two main types of stimulus delivery protocols. Block design groups stimuli of the same type with multiple repetitions per 
epoch. The example shown here is for fi nger tapping, but the stimulus is easily replaced with pictures or some other linguistic task for 
language assessment. Slow (A) and fast (B) event-related designs allow the estimation of the hemodynamic response to a single stimu-
lus (or minimal number of stimuli). Block design alternates blocks of stimuli of the same type and is generally preferred for use with 
brain tumor patients when there is no need for temporal information and the goal is to assess basic function.
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involving passive sensory stimulation. Granted, in many 
cases the resultant fMRI map will be biased toward the esti-
mation of the location of the sensory gyrus but, in our experi-
ence, the pre-central gyrus will also yield reliable signal. There 
are two main patterns of activity one should expect from a 
fi nger-tapping paradigm. In one case, the motor gyrus acti-
vates nearly to the exclusion of the sensory gyrus. Commonly, 
however, both the motor and sensory gyri activate.

One should consider how the neurosurgeon will use the 
motor fMRI map to plan or guide oncologic surgery. First, 
the map serves to confi rm or refute the surgeon’s impres-
sion of the location of the lesion relative to the motor gyrus. 
It is useful to know whether the lesion is in the motor strip 

itself or anterior or posterior to it based on the fMRI meas-
urement. These judgments can be diffi cult when a patient’s 
clinical presentation is misleading. This is particularly true 
in patients with brain tumors where low-grade lesions or 
diffuse high-grade lesions may not affect the patient’s func-
tion, leading the clinician to wonder whether the lesion is 
actually in the eloquent cortex.

Additionally, a tumor may have mass effect that effaces 
sulci and renders them diffi cult to discern anatomically via 
traditional imaging. Figure 27.3 shows a T1-post-contrast 
image of a patient with an extensive glioblastoma multi-
forme in the right hemisphere. Without fMRI, it was dif-
fi cult to know whether this lesion extended into the motor 

FIG. 27.2. Hand motor fMRI and tongue movement fMRI in two brain tumor patients illustrating the ability of fMRI to distinguish 
between the more dorsal/superior and the lateral/inferior portions of the motor homunculus. Arrows indicate the location of the cen-
tral sulcus. The boxes represent the actual signal in two voxels in the motor cortex. The black is the measured signal and the red is the 
ideal or model for the stimulus presentation. In this case, the patient was instructed to move fi ngers six times each separated by rest.

Hand motor

Tongue movement

FIG. 27.3. T1-post-contrast image of 
a patient with a glioblastoma multiforme 
in the right hemisphere. This extensive 
lesion makes it diffi cult to determine 
whether the lesion is within the motor 
gyrus. fMRI of bilateral fi nger tapping 
makes this determination clearer. Note 
both the more anterior motor activity and 
the posterior sensory activity.

Motor
Motor?

Right

Sensory



gyrus itself. Following fMRI mapping, it was determined 
that the lesion was within the motor gyrus and the patient 
had an awake intraoperative procedure as a result.

Intraoperative direct cortical bipolar stimulation is 
considered the ‘gold standard’ in neurosurgery to localize 
function. fMRI can help direct this stimulation. The fMRI 
map can be fused to the intraoperative guidance system 
allowing the surgeon to begin stimulation based not only 
on anato mical landmarks but the fMRI localization. Figure 
27.4 shows the integration of the hand and foot fMRI on 
the patient in Figure 27.3 into a neurosurgical navigation 
system. The surgeon was able to direct the intraoperative 
direct cortical stimulation before resecting this lesion. The 
hand fMRI was concordant with the direct cortical stimula-
tion (foot/leg was not attempted).

LANGUAGE fMRI
Language lateralization and language localization are 

the two main types of language mapping for oncologic 
neurosurgery.

Lateralization
The intracarotid sodium amobarbital procedure, better 

known as the WADA test [6], is currently the gold standard for 

determining language and memory dominance in patients. 
It entails anesthetizing one hemisphere of the brain at a time 
while a clinician monitors the patient’s performance on lan-
guage and memory tasks. However, the WADA test is invasive 
and can cause stroke or other complications. Consequently, 
there is a signifi cant effort to replace the WADA test. For the 
purpose of language lateralization, there are a number of 
studies confi rming the concordance of fMRI with WADA and 
direct cortical stimulation [3,7–9].

There are a variety of language tasks to choose from 
and there is currently no consensus in the fi eld as to which 
is the most specifi c/sensitive. Some common tasks are verb 
generation (where the patients generates verbs to visually 
presented nouns), semantic fl uency (where the patient 
generates words that fi t a particular category like ‘fruits’), 
phonemic fl uency (where the patient is asked to generate 
words to a given letter), sentence completion (where the 
patient reads a portion of a sentence and chooses an appro-
priate last word) and narrative listening (where the patient 
answers questions about aurally presented narratives).

Typically, the most useful way to measure essential 
language function for presurgical planning in brain tumor 
patients is to do a combined task analysis as described by 
Ramsey et al [10]. The output of this analysis shows what 
is activated in common during different language tasks. 

FIG. 27.4. Integration of foot (pink) and 
hand (purple) fMRI on the patient from Figure 
27.3 into a neurosurgical navigation system. 
The green line indicates the location of central 
sulcus.
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Arguably, this helps to decrease variability in the fMRI map 
and presumably de-emphasizes the supportive language 
areas and highlights the essential language areas. This, in 
turn, may provide a more accurate measure of language lat-
erality in the brain tumor patient.

Localization
Localization of speech areas using fMRI for neurosurgical 

planning in brain tumor patients is nuanced. fMRI can local-
ize the gyrus or set of gyri where Broca’s area and Wernicke’s 
area are generally located. Additionally, as with the motor 
maps, fMRI of language is also a useful guide for intraopera-
tive mapping. Ideally, fMRI would localize the essential areas 
of the language networks to such a degree that the surgeon 
could plan margins during oncologic surgery. Unfortunately, 
this is not the case. The fMRI activations are subject to varia-
tions in size depending on the type of statistical analysis and 
statistical thresholding. If, for example, one were to change 
the correlation coeffi cient on a language map from 0.76 to 
0.50, the spatial extent of the fMRI activity would grow. This 
may or may not refl ect the actual extent of neuronal activ-
ity and is based on a complicated array of factors. As a result, 
surgeons will not plan surgical margins during brain tumor 
surgery based on fMRI maps of language function.

In addition to the variability of the spatial extent of the 
fMRI activations, fMRI language maps reveal both essential 
and supportive function. This means that some activations 
may be essential for the task (and therefore not resectable) 
and some may be supportive in such a way that they are 
resectable without risk of defi cit to the patient. Currently, 
there is no way to segregate the activations seen on an fMRI 
language map into essential and supportive function. This 
makes the use of direct cortical stimulation or other com-
plementary techniques necessary in many cases for surgi-
cal decision-making in brain tumor patients.

Figure 27.5 illustrates how language localization can 
guide the surgeon and aid in risk assessment and patient 
counseling. A 54-year-old man presented with seizures and 
slight dysarthria. MRI revealed a low-grade slightly enhanc-
ing lesion on T1. fMRI (during phonemic fl uency) placed 
the lesion within Broca’s area and lateral to insular language 
activity. The patient was counseled as to the risk of operating 
given the fMRI localization (and lateralization). The patient 
was operated on awake and direct cortical bipolar stimula-
tion confi rmed the location of Broca’s area as measured by 
fMRI. In this case, only a biopsy was attempted due to the 
location of the tumor within Broca’s area and fl anked by fMRI 
activity. The patient had no new defi cits following surgery.

SPECIAL CONSIDERATIONS FOR 
fMRI MEASUREMENTS USING BRAIN 
TUMOR PATIENTS

Patients with brain tumors present unique chal-
lenges to the fMRI researcher/clinician. It is important the 
patients are scanned using tasks that they can perform [11], 
otherwise, the interpretation of these scans is diffi cult. As a 
result, standardizing paradigms for use with patients will be 
diffi cult. In many institutions, patients receive neuropsy-
chological exams (these can be brief) ahead of the scanning 
session in order to tailor the fMRI paradigm to the patient’s 
strengths and weaknesses. A less time-consuming option 
is to design variations of the stimuli. For example, because 
the rate of stimulus presentation has an effect on the fMRI 
map, during a picture naming language task for example 
(where the patient is asked to name visually presented pic-
tures), perfectly intact patients will receive nearly the same 
stimulus presentation that a normal subject might [12]. 
However, if the patient is aphasic, the rate and diffi culty 
of the pictures can easily be adjusted to account for the 
patient’s disabilities.

Thus, being able to monitor the patient’s responses 
is important. Some have included vocalized speech para-
digms for this purpose. However, there are many issues 
and a broad spectrum of literature discussing the diffi cul-
ties with the use of vocalized speech during fMRI. Most of 
these are technical considerations and deal with the head 
motion inherent in vocalized paradigms. Head motion is 
one of the biggest issues associated with fMRI imaging in 

FIG. 27.5. Flair image of a right-handed man with dysarthria 
and seizures. MRI revealed a low-grade minimally enhancing 
lesion in the expected location of Broca’s area. fMRI revealed 
both insular and inferior frontal activity. The patient was oper-
ated on awake with direct cortical stimulation and the location of 
Broca’s area (speech arrest) was concordant with intraoperative 
cortical stimulation.



general, but is particularly an issue when scanning patients. 
Head motion can cause both false positive and false nega-
tive predictions of function. When it is correlated with the 
timing of the stimulus presentation it can be impossible 
to extract from real signal. With this said, some research-
ers have recently taken advantage of the hemodynamic lag 
to extract head motion [13,14]. By presenting the patient 
with an event-related design, the image where the patient 
actually spoke can be removed and the subsequent images 
(where the hemodynamic response occurred) can be meas-
ured relatively free of motion artifact.

This technique however, necessitates short stimulus 
durations and typically means that the experiment will be 
designed as an event-related paradigm. As aforementioned, 
when using event-related paradigms, many repetitions of 
the stimuli need to be presented in order to make up for 
the loss in statistical power associated with single (or near 
single) events. These types of paradigms, while they may be 
appropriate in measuring a more complete picture of the 
speech network, are generally not optimal for patients.

The Effects of Brain Tumors and Prior 
Surgery on the BOLD fMRI Signal

The BOLD fMRI signal is generally dependent upon a 
normally working neurovascular system. It is thought that 
in some types of tumors (particularly high-grade tumors 
with associated hypervascularity and abnormal vasculature) 
the vascular reactivity normally associated with moving 
one’s hand for example, will no longer be as tightly coupled 
with the vascular response. It only follows that this may 
affect the reliability/accuracy of the BOLD signal. Holodny 
et al showed this effect in patients with brain tumors in the 
motor strip [15]. They showed a signifi cant difference in 
fMRI signal volume during fi nger tapping when comparing 
the unaffected and affected hemispheres. Hou et al charac-
terized this difference further and showed an inverse rela-
tionship between perfusion (rCBV) and the fMRI activation 
volume in grade IV gliomas [16]. That is, as perfusion meas-
ures increased, fMRI volume decreased.

Prior surgery is common when brain tumor patients 
come for treatment. This is an important consideration for 
fMRI because blood products and surgical hardware can 
distort the magnetic fi eld and affect the fMRI results. This is 
pronounced in T2*-based fMRI images where dropout can 
cause a misinterpretation of fMRI results. Kim et al com-
pared fMRI volumes of activity during fi nger tapping in the 
motor strip in the unaffected hemisphere and the hemi-
sphere with prior surgery [17]. They showed a reduction in 
the volume of fMRI activity in the motor strip in the hemi-
sphere with prior surgery. Figure 27.6 demonstrates the type 
of signal void that can affect T2* scans. Of course, such a 
dropout will adversely affect the accuracy of the fMRI meas-
urement. As a result, the authors suggest that the raw T2* 
images be inspected before data analysis in order to avoid 
misleading interpretations of the fMRI data.

Peck et al did a similar study in patients with brain 
tumors, but asked whether the fMRI-determined laterality 
index (a measurement of the degree of language laterality; see 
pitfalls section for more information) is affected in patients 
with prior surgery when using direct cortical stimulation as 
a ground truth [18]. There were no statistically signifi cant dif-
ferences in the hemispheric determination of language later-
ality between patients with and those without prior surgery. 
However, there were discrepancies in the region of interest 
(Broca’s area), laterality indices and the results of intraopera-
tive mapping. In conclusion, cases where the patient has an 
extensive malignant lesion and/or the patient has had prior 
surgery, the fMRI should be interpreted with caution.

INTERPRETATION PITFALLS
It goes without saying that the value of the fMRI map in 

clinical practice is directly related to the end-stage interpre-
tation of the fMRI data. Consequently, it is worth outlining 
some of the more common mistakes in fMRI interpretation.

Motor
Most post-processing protocols include some degree 

of spatial smoothing. This is widely accepted and not only 
boosts the signal-to-noise ratio, but eliminates spurious, 
pixilated activations and enhances the ‘blob’ appearance of 
the fMRI activations. Depending on how much smoothing 
is applied (twice the voxel size is typical), the motor activa-
tions can appear to cover gyri, cross sulci or even be located 
in white matter. The posterior bank of the motor gyrus and 
the posterior bank of the sensory gyrus are the portions of 
gray matter that typically activate in an fMRI scan. Using 
a 3 T scanner where minimal smoothing is often required, 

FIG. 27.6. The signal dropout in the T2* signal due to the 
effects of prior surgery. Also note that the volume of fMRI activity 
is decreased relative to the unaffected hemisphere. (From MJ Kim 
et al. The effect of prior surgery on blood oxygen level-depend-
ent functional MR imaging in the preoperative assessment of 
brain tumors, Am J Neuroradiol 26(8):1980-1985, 2005, © by 
American Society of Neuroradiology.)

I N T E R P R E TAT I O N  P I T FA L L S  •  253



254 C H A P T E R  2 7  •  F U N C T I O N A L  M R I

one can easily visualize the spatial extent of the gray matter 
participating. Most institutions use 1.5 T scanners, however, 
where one measures about one fourth of the signal. When 
smoothing is applied, these activations can be misleading. 
Without knowledge of how smoothing extends the spatial 
extent of the activations and some information about the 
exact anatomy expected to activate, one might assume that 
the motor gyrus is the more posterior gyrus in Figure 27.7. 
However, with a little information about the physiology and 
the spatial smoothing, the correct interpretation places the 
motor gyrus as the more anterior gyrus. (In this case, there 
was no misregistration between the anatomical and the 
functional scans, but that should be considered carefully.) 
This example points to a common distribution of fMRI 
activity and a potential for misinterpretation.

Language
In most completely right-handed, normal control sub-

jects, despite clear left lateralization for language, there is 
often some right hemispheric activity while performing a 
language task. Because the laterality index (number of pix-
els in left hemisphere � number of pixels in the right hemi-
sphere/number of pixels in left hemisphere � number of 
pixels in the right hemisphere) is a measure of ratios, this 
activity may decrease the degree of laterality but, in our 
experience, tends not to render a proven left-dominant 
individual bilateral or right dominant for language. Within 
the homologue of Broca’s area in the right hemisphere, 
this is commonly attributed to the prosodic component 
of speech (broadly defi ned as intonation). It is important 
to expect right hemispheric activity, particularly in brain 
tumor patients where a degree of subclinical compen-
sation may have occurred. In Figure 27.8, a patient with 

FIG. 27.7. A common interpretation pitfall. While the distribu-
tion of fMRI activity on this 1.5 T fi nger tapping fMRI (spatially 
smoothed at 4 mm) might lead one to believe that the posterior 
gyrus is the motor gyrus, the correct answer is the anterior gyrus 
as it is the posterior bank of the motor and sensory gyri that acti-
vate during an fMRI task. This T2* scan was not misregistered 
with the anatomical scan and is a common spatial distribution.

FIG. 27.8. Further potential 
for an error in interpretation. fMRI 
map of a right-handed patient with 
a left-hemispheric lesion in the sup-
plementary motor area. (A) Patient 
silently responded to aural autobio-
graphical questions. (B) Silent word 
generation to visually presented 
letters. The patient was left-hemi-
sphere dominant on direct cortical 
stimulation. The examples illustrates 
the need to examine more than one 
task when determining dominance 
for language.
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a low-grade glioma in the left superior frontal and frontal 
lobes performed both auditory responsive questions and 
phonemic fl uency (where the patient silently generated 
words to visually presented letters). In the responsive ques-
tions task, there is a signifi cant amount of bilateral activity 
that is not unexpected given the aural nature of the task. 
However, during the phonemic fl uency task, the patient 
demonstrates the expected strong left dominance for lan-
guage. The fi gure demonstrates the variability of the fMRI 
measurement and the need to scan patients on multiple lan-
guage trials before fi nal interpretation.

While it is likely that there is an abundance of brain-
based compensation in brain tumor patients that is measur-
able on fMRI but does not change the patient’s management, 

there are instances of plasticity that are clinically relevant. 
In our institution, we saw a 100% right-handed 62-year-old 
man with a low-grade neoplasm in the superior tempo-
ral gyrus (the expected location of Wernicke’s area) [19]. He 
was completely intact on aphasia testing and fMRI sug-
gested that while his Broca’s function was nicely lateralized 
to the left-hemisphere as expected, his Wernicke’s area only 
activated in the right hemisphere. Direct cortical stimula-
tion confi rmed the translocation and the patient was com-
pletely intact after a gross total resection of the lesion (Figure 
27.9). This case nicely evidences the fact that while fMRI has 
its limitations in brain tumor patients, it can be a powerful 
fi rst step to further testing when atypical patterns of activity 
are found.
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INTRODUCTION
Proton magnetic resonance spectroscopy (1H MRS) has 

been used in a number of applications for the diagnosis 
and management of patients with glioma. The technique 
uses a method which suppresses the water proton signal 
and allows the resolution of spectral signals for other mol-
ecules biochemically related to the biology of the tumor. 
These are identifi able by their resonance frequencies and 
typically include choline (Cho), which is thought to refl ect 
membrane turnover, creatine (Cr) and N-acetylaspartate 
(NAA), a neuronal marker, and a frequency range contain-
ing overlapping signals which consists of resonances from 
lipid and lactate, associated with necrosis. Since these mol-
ecules are many times less abundant than water, larger 
voxels of acquisition are required. In addition, there are 
signifi cant issues related to partial volume averaging from 
mixed tissues and those related to tissue/fl uid bounda-
ries, which may confound signal acquisition. MRS images 
(also called chemical shift imaging) can be generated by 
integrating the signals beneath these metabolite peaks, 
but the large volumes of acquisition required practically 
limit image resolution. There are also technical issues with 
regard to normalization and a number of different metabo-
lite ratios are typically generated. Few validation studies 
have been carried out to verify the utility of these methods 
in glioma management, but several studies  have correlated 
signal characteristics with tissue histology [1–4].

CLINICAL APPLICATIONS
The application of so-called metabolic imaging in gli-

oma patients has been recently reviewed [5,6] and placed 
into context with other physiologic imaging techniques, 
including dynamic susceptibility contrast-enhanced mag-
netic resonance imaging (MRI).

Neoplastic Versus Non-Neoplastic
While MRS has been used to distinguish neoplastic 

from non-neoplastic lesions, the detection of gliomas is 
typically not a major issue [7,8].

Grading and Differential Diagnosis
A major issue in the assessment of brain tumors is 

grading and differential diagnosis [9]. Several investigators 
have used statistical correlation with primary diagnosis and 
predictive modeling to suggest that MRS is able to defi ne 
lesion type and grade [10]. The number of independent 
variables available from the analysis of MRS data is large 
and there are many analytic approaches, including quali-
tative, quantitative and pattern recognition techniques. 
Most of these studies employ quantitative analysis, using 
mea sures combining multiple parameters to increase sen-
sitivity and decrease the number of dimensions in the sta-
tistical analysis [1,10–12]. These measures usually involve 
ratios of metabolic indices with the numerator and denom-
inator from the same volume (ipsilateral) or denominator 
from normal appearing tissue, usually white matter (con-
tralateral, NAWM). Cho/NAAips, Cho/Crips, Cho/Crcon and 
Cho/Chocon are widely used. Measures involving lactate 
and lipid signals have also been used [13]. Lactate, refl ect-
ing the presence of anaerobic metabolism, is visible in 
various stages of both treatment-naïve and treated tumor 
metabolism and also in the response of normal tissue to 
treatment. Signal from lipid is not seen in MRS of normal 
brain tissue, but is observed in both tumor and radiation 
necrosis. Measures involving lipid and lactate are subject to 
greater variability due to overlap between lipid and lactate 
resonant frequencies, and the range and overlap of reso-
nant frequencies between various types of lipids, which 
are present in necrotic tissue in variable amounts. Lactate 
editing sequences have been used to separate lactate and 
lipid signals and may be useful in characterizing stages in 
treated tumor metabolism [14].

An analogous but distinct issue is the defi nition of 
lesion boundaries. This, of course, is related directly to 
prognosis, the measurement of the extent of resection, the 
defi nition of radiation ports and effi cacy measurement. 
Gliomas in general, and more anaplastic gliomas in par-
ticular, infi ltrate and spread great distances in the brain 
[15]. The regional infi ltration during tumor progression has 
been most strikingly shown in the whole-mount studies of 
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Scherer and Burger, where glioblastomas have a central area 
of necrosis, a highly vascularized cellular rim of tumor and 
a peripheral zone of infi ltrating cells [16,17]. Studies have 
shown that tumor cells have migrated from the primary 
site of malignant gliomas, resulting in the almost inevita-
ble local recurrence and tumor progression seen clinically 
[17]. Recurrence of human gliomas following surgery and 
radiation is most commonly seen in the margin adjacent 
to the initial tumor where leaking tumor neovasculature 
is permeable to imaging contrast agents, but may also be 
remote [18].

Biopsy studies have shown that the conventional con-
trast-enhancing margin in MRI does not accurately refl ect 
the lesion boundary. As a result, we have carried out a 
number of studies employing the techniques of multi-
voxel MRS and directed surgical biopsies in order to vali-
date alternative measures of the burden of disease [1]. 
Since conventional MRI does not adequately refl ect the 
intratumoral heterogeneity of gliomas, we sought to deter-
mine a correlation between different 1H MRSI metabolic 
ratios and the degree of tumor infi ltration in diffusely
infi ltrating gliomas. Image-guided biopsies with semi-
quantitative and qualitative histopathological analyses 
from a series of 31 untreated patients with low- and high-
grade gliomas were correlated with multivoxel 1H MRSI 
referenced to the same spatial coordinates. With 247 tissue
samples and 307 observations, choline-containing com-
pounds using contralateral creatine and choline for nor-
malization or ipsilateral N-acetylaspartate, appeared to 
correlate best with the degree of tumor infi ltration, regard-
less of tumor histologic grade. Our results show that MRSI
is more accurate than conventional MRI in defi ning indis-
tinct tumor boundaries and quantifying the degree of 
tumor infi ltration. These data suggest that MRSI could
play a role in the selection of stereotactic biopsy sites, 
especially in non-enhancing tumors. We would caution,
though, that MRS should not be used as a substitute for his-
topathological diagnosis. A corollary would be that it may 
be possible to assist in the planning of surgical resection 
using this technique. It follows also that the assessment
of residual disease after surgery is another important 
potential application. This would be particularly true 
for low-grade glioma or non-enhancing tumor compo-
nents in high-grade lesions. This would follow from data 
in high-grade glioma, suggesting improved prognosis 
in patients who have gross total resections or imaging-
complete resections, employing contrast enhancement 
[19,20]. Measurement of the contrast-enhancing compart-
ment may also not be the optimal parameter for tumor 
response assessment. This holds true especially in this 
era of cytostatic agents which interfere with the prolifera-
tion, invasion, angiogenesis and differentiation processes. 
Several correlative histopathological studies have shown 
that the contrast-enhancing margin is not representative of 
the lesion boundary [21,22].

Prognosis and Survival
Several investigators have suggested that MRS features, 

including maximal choline and lactate levels, correlate with 
survival at least as well as standard clinicopathological 
parameters [23]. Prospective validation studies, however, 
have not been done [23–26].

MRS Guidance for Therapy
Surgical Planning

Determination of the extent of resection and biopsy 
site choice are two perisurgical applications for MRS. There 
are problems, typically, in performing MRS studies imme-
diately postoperatively. Postoperative studies are often con-
founded by postoperative features, including intracavitary 
air and tissue/fl uid boundaries, each of which can intro-
duce signifi cant artifacts [20].

Radiation Planning [27–29]
Another use for MRS is in image-guided therapy, includ-

ing defi nition of radiation ports. Enhancement on MRI of 
gliomas acquired after the administration of contrast agents 
containing gadolinium (Gd) has traditionally been used to 
delineate tumor margin for surgical and radiation treatment 
planning. However, increased Cho and/or decreased NAA 
have been found well outside these margins [28], implying 
that images of Cho, NAA, or Cho/NAAips (MRSI) may better 
refl ect the distribution of infi ltrating tumor. An example is 
shown in Figure 28.1. Though Gd enhancement is restricted 
to a small volume near the lateral ventricles, signifi cantly 
increased Cho is found in a much larger volume, extending 
out to the cortical surface. This has prompted the develop-
ment of strategies to combine MRI and MRS in radiation 
treatment planning [29]. Since MRSI has inherently lower 
resolution, these images are fused with higher resolution 
MRI, acquired during the same examination. Many treat-
ment plans are generated using computed tomography 
(CT) images. This requires an intermediate fusion of the CT 
and MR coordinate systems [30]. An example of MRSI and 
MRI retrospectively fused with a treatment plan is shown 
in Figure 28.2. In this case, increased Cho suggestive of 
tumor is found outside the 80% isodose line. Subsequent 
MRI and tumor resection 9 months later indicated tumor in 
this region. In a retrospective review of radiation treatment 
plans for 10 patients, MRSI acquired prior to the treatment 
plan (but not used for planning) demonstrated increased 
Cho outside the 80% isodose line in three cases. Radiation 
treatment plans which rely on Gd enhancement may under-
estimate areas of infi ltrative disease, while T2-weighted MR 
images probably overestimate its extent. MRSI adds addi-
tional information which may help to refi ne the treatment 
plans, however, MRSI has invariably lower resolution than 
MRI and the margins delineated by features on either image 
should be interpreted with caution when superimposed on 
the other.
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FIG. 28.1. Images and spectra depicting spectroscopic abnormalities associated with a high-grade glioblastoma multiforme 
(GBM). Upper left shows Gd enhancement of a mass within the periventricular white matter with invasion of the lateral ventricles. 
Spectroscopic images show increased choline (Cho) (top middle left) and decreased N-acetylaspartate (NAA) (top middle right) over 
a much larger area, while the image of lactate (top right) shows increased anaerobic metabolism in the medial aspect of the lesion. 
Decreased NAA and increased Cho indicate infi ltrating disease at the lateral aspect of the abnormality.

T1 Post GdDTPA

A B

Cho NAA Lac

FIG. 28.2. The presenting diagnosis for this patient was grade 2 astrocytoma with atypical features. Only subtle contrast enhance-
ment is shown (B). The radiation treatment plan is shown fused to SI and Gd MRI in (A), (B) and (C). The isodose curve representing 
80% of the 2.22 Gy delivered to the target is shown in green. Normal appearing contralateral white matter is shown in (D). The hetero-
geneous lesion has a solid component (very high choline (Cho) and very low N-acetylaspartate (NAA), spectrum, (E)) within the 80% 
isodose curve and a component suggesting infi ltrating disease (Cho not as high as (E) and NAA higher, spectrum (F)) outside the 80% 
isodose line. Follow-up MRI at 9 months after initial radiation treatment showed a new area of contrast enhancement (G) confi rmed as 
recurrent tumor.
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These preliminary data suggest that maximal effi -
cacy from local fi eld radiation treatment (RT) will not be 
achieved unless the spectroscopic abnormality is included 
within the treatment ports [31]. MRSI would theoretically 
be a more appropriate tool for target delineation for glioma 
radiation treatment planning; however, several series using 
modern radiation techniques with 3D conformal planning 
with or without dose escalation have shown that the major-
ity of recurrences still occur in-fi eld and not remotely or at 
the margin [18]. In this setting, MRSI appears unlikely to 
improve local control or change the pattern of recurrence of 
fractionated radiation therapy unless it proves to be more 
specifi c than conventional MRI. This technique would be 
particularly useful if higher doses appeared to be better 
tolerated by minimizing inclusion of normal brain paren-
chyma. Unfortunately, even with aggressive dose escalation 
for the treatment of glioblastoma, a high in-fi eld failure rate 
is still observed [32].

Assessment of Treatment Effi cacy/Response
The role of MRS in effi cacy evaluation has been the 

subject of a recent NCI workshop report [33].

Radiation
The effect of therapeutic radiation on the brain, includ-

ing decreases in NAA and subacute increases in choline 
have been described and can be diffi cult to discriminate 
from disease progression [34–36].

Chemotherapy
Decreases in choline signal in response to chemother-

apy have been seen and monitored using MRS [34,37–40]. 
The technical issues of which volumes or features should 
be used in such monitoring, such as the peak heights, 
median or mean values and which normalization correc-
tions should be done, remain to be determined.

Serial
Serial monitoring using MRSI appears to be a prom-

ising tool for tumor response assessment with novel 
non-cytotoxic agents. It will need to be compared with con-
ventional contrast enhancement measurements [13,28]. 
Validation studies, including prospective use of these imag-
ing modalities will be necessary before these can be used 
reliably as effective surrogates for therapy effi cacy.

Differential Diagnosis
Recurrent Disease

Given the impact of specifi c treatment modalities on 
the MRS parameters described above in newly diagnosed 
patients, it has been noted recently that the spectroscopic 
features of recurrent disease are rather different than treat-
ment-naïve tumors. This obviously must lead to caution 
regarding the interpretation of MRS in suspected recurrent 

disease using values derived from studies on newly diag-
nosed patients [2,41, 42].

Malignant Transformation of Low-grade Tumors
Malignant degeneration in low-grade neoplasms of the 

brain has also been detected using MRS [43]. Discordant 
conventional and spectroscopic fi ndings may also be used 
to defi ne a more aggressive clinical course with earlier dis-
ease progression [44].

Differentiation of Radiation Necrosis and Recurrent Tumor
Early studies using single voxel techniques could not 

adequately sample heterogeneous tissues found at various 
stages in the treatment of gliomas. Since recurrent tumor 
and radiation necrosis can both result in enhancement 
with Gd, studies utilizing MRSI have examined spectral pat-
terns from tissues exhibiting different features on MRI, with 
and without administration of Gd, in an attempt to differ-
entiate recurrent tumor from radiation necrosis. Multivoxel 
MRSI allows simultaneous sampling of necrotic core, lesion 
margin defi ned by enhancement with Gd, and abnormal 
tissue outside lesion margins defi ned by hyperintensity on 
T2-weighted MRI, which may include remote foci and/or 
infi ltrative disease.

Figure 28.3 shows an MRS study comparison of an 
image-guided-biopsy proven recurrence at the inferior loca-
tion (seen on the left, site B) and biopsy-proven radiation 
necrosis at the superior location (seen on the right, site C). It 
is of note that at the radiation necrosis biopsy site, the ipsi-
lateral Cho/NAA ratio is clearly abnormal, which would sug-
gest tumor recurrence, but the Cho/nCho ratio is less than 
one. This situation might arise if treatment-naïve tumor 
and either treated tumor or radiation necrosis had either a 
different spectral pattern, or different admixtures of tissue 
types within the MRSI voxel itself.

The spectral characteristics of radiation-induced 
changes in normal and tumor tissue depend on the time 
interval between the application of radiation and the acqui-
sition of MRSI. Reports of early changes to normal tissue 
include an increase in Cho and a moderate decrease in 
NAA, while spectral features of delayed radiation-induced 
necrosis have been reported to include an overall decrease 
in Cho, Cr and NAA and the presence of lipid and/or lac-
tate. An example of early-induced radiation change is 
shown in Figure 28.4. The MRSI was acquired approxi-
mately one month after treatment with 2.22 Gy targeted to 
the Gd-enhanced volume. Note that the increased Cho in 
white matter contralateral to the site of the original lesion 
coincides with the 30% isodose line, a relatively low radia-
tion dose. This is in contrast to the MRSI from the superior 
location (see Figure 28.4C), where the time interval between 
treatment and acquisition of MRSI was 9 months.

Our group has used the intraoperative biopsy correlation 
method to attempt to defi ne diagnostic imaging parameters 

260 C H A P T E R  2 8  •  M A G N E T I C  R E S O N A N C E  S P E C T R O S C O P Y



capable of discriminating recurrent tumor from radiation 
necrosis [36]. In that study, we looked at 27 patients who 
had been treated previously with surgery, radiotherapy and 
chemotherapy and reoperated for clinical and/or radio-
graphic signs that caused suspicion for recurrent disease. 
Tissues were categorized into four groups:

1 spectroscopically normal
2 pure tumor

FIG. 28.3. Images and spectra 
of a patient with initial glioblas-
toma multiforme (GBM) who was 
evaluated for recurrent disease 
versus radiation necrosis. Image-
guided stereotactic biopsy was 
performed within 24 hours of the 
MR examination. Biopsy confi rmed 
both recurrent tumor (B) in the infe-
rior location and radiation necro-
sis on the superior slice (D and E). 
Note that the Cho/NAAips on (D) 
and (E) is clearly abnormal, but 
the Cho/Chocon is �1 while the 
Cho/Chocon is �1at the recurrent 
tumor location (B).

3 mixed tumor with necrosis
4 pure radiation necrosis.

Analysis was performed on 99 1H MRSI observations to 
determine whether the 1H MRSI ratios varied according to 
tissue category. 1H MRSI ratios were found to distinguish 
pure tumor from pure necrosis. No values suggested that 
mixed specimens could be distinguished in a statistically 
signifi cant way from either pure tumor or pure necrosis. 
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FIG. 28.4. Radiation treatment plan fused 
to SI and MRI (A); Cho image, top and Gd 
MRI, lower left). MRSI was collected one month 
after 2.22 Gy was delivered to the target 
(80% isodose curve depicted in light green). 
Site (B) was normal contralateral white matter; 
site (C) showed increased Cho, decreased Cr 
and NAA along with the presence of Lac/Lip 
indicating tumor (spectra acquired from rim 
of contrast enhancement); at site (D) Cho is 
increased through the white matter tracts of 
the corpus callosum, but normal amounts of 
Cr and NAA suggest early radiation injury 
or infi ltrative disease; site (E) shows increased 
Cho, decreased Cr and NAA along with the 
presence of Lac/Lip indicating tumor (spectra 
acquired from center of lesion). At the right 
parietal area of increased Cho, NAA occurs 
at normal levels and Lac/Lip is not present. 
Both of these fi ndings are consistent with 
early radiation effect.
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The data suggest that metabolite ratios derived on the basis 
of 1H MRSI spectral patterns do allow reliable differential 
diagnostic statements to be made when the tissues are 
composed of either pure tumor or pure necrosis, but the 
spectral patterns are less defi nitive when tissues composed 
of varying degrees of mixed tumor and necrosis are exam-
ined. This work is ongoing in an attempt to improve the dis-
crimination of mixed cases, which is a condition commonly 
seen clinically.

MRSI nominal voxel volume, ��1 ml, can still 
include admixtures of different tissue types in heteroge-
neous lesions as well as normal tissue, which potentially 
exist, even on high resolution MRI used for reference. In 
a preliminary study comparing MRSI with image-guided 
stereo tactic biopsies contained within the MRSI voxel and 
characterized as greater than 80% pure tumor, lesions 

prior to and following therapy had signifi cantly different 
spectroscopic features, probably refl ecting the presence of 
micro-necrosis in the treated voxel [45]. This suggests that 
given the current resolution constraints in MRSI, it may 
not be possible to isolate the spectral characteristics of 
‘pure’ treated/recurrent tumor. It is also possible that MRSI 
voxels contain admixtures of tumor, radiation necrosis and 
normal tissues.

There are several ways to apply MRS in the manage-
ment of patients with malignant gliomas. While a number 
of proof-of-concept studies have been done as demonstra-
tions, no prospective studies validating MRS methods as a 
surrogate for treatment or differential diagnosis have been 
completed. However, promising data suggest that these 
methods may fi nd a role in the assessment of therapy effi -
cacy and differential diagnosis.
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INTRODUCTION
This chapter elucidates the more common types of mag-

netic resonance imaging (MRI) and computed tomography 
(CT) perfusion imaging methods to assess brain tumors. 
These methods require dynamic imaging such that images 
are acquired quickly to capture the fast physiologic (i.e. per-
fusion) information. Dynamic MRI methods for which an 
exogenous contrast agent is administered are referred to as 
dynamic contrast enhanced (DCE) or dynamic susceptibility 
contrast (DSC) studies depending on the primary sensitivity 
of the examination to either relaxivity (T1) or susceptibility 
(T2, T2*) contrast agent characteristics. While most perfusion 
techniques (both MRI and CT) rely on the administration of 
an exogenous contrast agent, newer dynamic MRI perfusion 
techniques, referred to as arterial spin labeling (ASL) tech-
niques, do not. Instead they are capable of non-invasively 
‘labeling’ blood water with a radiofrequency (RF) pulse result-
ing in MRI signal changes proportional to tissue perfusion.

Because dynamic contrast-agent enhanced MRI per-
fusion methods represent the majority of perfusion stud-
ies performed in brain tumors, the primary focus of this 
chapter will be on those methods. The general methodol-
ogy for performing these studies will be discussed along 
with a review of existing data and challenges to applying 
these methods for diagnosis and assessment of treatment 
response. That discussion will be followed by a more con-
cise summary of dynamic CT and ASL-MRI techniques for 
the study of brain tumors.

DYNAMIC CONTRAST-AGENT MRI 
PERFUSION TECHNIQUES

The term perfusion, as employed in the MRI litera-
ture, is typically used as an all-encompassing term describ-
ing both morphologic and functional parameters that can 
be derived from dynamic contrast-agent studies. This more 

generalized defi nition of perfusion differs from other non-MRI 
approaches that defi ne perfusion specifi cally as the delivery 
of an agent to the tissue in ml/s per gram of tissue. Instead, 
while MRI perfusion studies can include measures of cerebral 
blood fl ow (CBF), which is measured in ml/s per ml of tissue, 
they also include measures of cerebral blood volume (CBV) 
and other derived parameters such as the tissue mean tran-
sit time (MTT), mean vessel diameter (mVD), plasma-tissue 
contrast agent transfer constant (Ktrans) and compartmental 
volumes, such as ve or EES, i.e. the extravascular–extracellular 
space. These derived parameters are of great interest as indi-
cators of tumor angiogenesis, which is the new vessel forma-
tion required for tumor growth. As such, the parameters have 
potential applications in diagnosis, determining patient prog-
nosis, predicting which patients will respond to a particular 
treatment and evaluating treatment effi cacy.

With MRI there exist two general approaches to the 
dynamic imaging of contrast agent for the purposes of mea-
suring perfusion parameters. The fi rst approach relies on 
collecting T1-weighted images, over many minutes, during 
the uptake and accumulation of a low dose of a Gd (gado-
linium)-chelated contrast agent. This dynamic T1-weighted 
approach is referred to as dynamic contrast enhanced (DCE) 
imaging. The second approach, termed dynamic suscep-
tibility contrast (DSC) imaging, relies on collecting T2- or 
T2*-weighted images over a period of seconds during which 
a high concentration (bolus-dose) of Gd contrast agent 
passes through the tissue. Each approach measures a differ-
ent subset of perfusion parameters and has a different set of 
challenges for the evaluation of tumors, as described below.

Dynamic Contrast Enhanced (DCE) Imaging
Basic Principles

Dynamic contrast-enhanced MRI (DCE-MRI) is the 
acquisition of a time-series of T1-weighted MR images 
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acquired during the administration of a Gd-chelated con-
trast agent. In most studies, the Gd-chelate used is a low 
molecular-weight agent because, for many years, only 
these agents have been approved by the US Food and Drug 
Administration (FDA) for clinical use. Outside of the brain 
these agents distribute as extracellular agents, meaning that 
they distribute throughout the tissue, but are excluded from 
intact cells. However, in brain when the blood–brain barrier 
(BBB) is intact, low molecular weight Gd chelates remain 
intravascular. These organ-dependent distributions dictate 
in part the utility of DCE methods for deriving tissue specifi c 
information. For some animal DCE studies, large molecular 
weight Gd agents are also used. Because these agents are not 
cleared as readily from the vascular space, they offer some 
distinct advantages for more specifi cally measuring vascular 
permeability, as described in more detail below. Here, we will 
fi rst describe DCE methods assuming an extracellular distri-
bution, which refl ects how the models were initially derived.

Unlike conventional contrast agent enhanced MRI, 
which simply provides a snapshot of enhancement at 
one time point, DCE-MRI provides a fuller description of 
the infl ow (‘wash-in’) and outfl ow (‘wash-out’) contrast 
kinetics within tissue. Often the analysis of such data has 
taken the form of simple descriptors such as time to peak 
(i.e. enhancement slope) or peak enhancement. These 
parameters have been used in an attempt to differentiate 
tumor types and predict tumor grade, with mixed results 
[1–6]. In an effort to provide more quantitative data directly 
related to underlying tissue parameters, a variety of phar-
macokinetic models have been applied to fi t the data. Of 
the various different models used to analyze DCE-MRI 
data, the most commonly applied has been the Tofts and 
Kermode model fi rst described in 1991 [7]. This model is 
described by the following equation:

 dCt/dt � Ktrans (Cp � Ct/ve) (1)

where Cp and Ct are the plasma and tissue contrast agent 
concentrations, Ktrans is the volume transfer constant and 
ve is the fractional extravascular–extracellular volume. The 
parameter labels and defi nitions used in Equation 1 are 
those recently recommended by an international group 
of scientists which reached a consensus regarding the 
DCE pharmacokinetic model and the underlying assump-
tions, defi nitions and labeling of the fi tted parameters [8]. 
Therefore, this model is now often referred to as the consen-
sus DCE model.

The transfer constant Ktrans, which is equivalent to the 
product of extraction-fraction (E) and fl ow (F), is a func-
tion of fl ow and the permeability-surface (PS) area product 
(EF � F (1�exp(�PS/F))), which has been extensively 
described in the earlier tracer kinetic literature. The EF 
product has several physiologic interpretations, depending 
on the balance between capillary permeability and blood 
fl ow. This balance must be well understood for the proper 

interpretation of studies measuring this index. Under high 
permeability conditions where PS is much greater than 
blood fl ow (F), the fl ux of contrast agent across the capillary 
membrane is fl ow-limited, meaning that Ktrans is primarily a 
measure of fl ow (Ktrans � F). Conversely, when the permea-
bility is low such that PS �� F, Ktrans is more accurately used 
as an index of vascular permeability (Ktrans � PS). Therefore, 
whether Ktrans is more appropriately interpreted as an indi-
cator of fl ow or vascular permeability, or some combination 
thereof, depends on the relative condition of the capillary 
membrane, fl ow rates and contrast agent size. So, especially 
for low molecular weight extracellular Gd contrast agents, 
Ktrans is not a pure index and must not be interpreted as 
such. Alternatively, distributed parameter models have been 
proposed that enable the measurement of both PS and F 
separately rather than indirectly through the measure of 
Ktrans [9,10]. These approaches have shown some promise 
for the characterization of gliomas [11,12] and information 
about the tumor microenvironment that enables discrimi-
nation of tumor types such as gliomas, meningiomas and 
brain metastases [13]. However, as with any multiparam-
eter fi tting approach, such approaches can be very sensitive 
to initial conditions; estimating an increasing number of 
parameters leads to increasing instability of a model, espe-
cially when the signal-to-noise (SNR) is low. Accordingly, a 
low contrast-to-noise ratio can prevent a fi t on a per-voxel 
basis. Furthermore, the contrast material dosage may not be 
increased in a suffi cient manner both because of FDA limits 
on total dose of contrast agent that can be administered and 
because of the need to avoid saturating the arterial input 
function (AIF; Cp in Equation 1) [14].

Another approach to the measure of vascular permeabil-
ity is to use large molecular weight agents. For these agents, 
PS �� F, even under many pathologic conditions, making it 
more likely that Ktrans is a more direct measure of vascular PS. 
Several recent animal studies have demonstrated that large 
molecular weight contrast agents, such as albumin-Gd-DTPA 
[15,16] or Gadomer-17 [14], may be more effective in detect-
ing small permeability differences than Gd-DTPA [14,17]. 
The disadvantage to this approach is that large molecular 
weight Gd contrast agents, which have been used in animal 
models, have not yet been approved for human use.

In the original consensus model (see Equation 1), the 
assumption is made that the effective vascular space is neg-
ligible. While this may be valid in some normal tissues such 
as brain and muscle, whose vascular fractions are only a few 
percent [8], it most assuredly is not true in highly vascular 
tumors. The assumption has been charged with resulting 
in erroneously high Ktrans values. For these reasons, several 
investigators have modifi ed the original consensus model to 
include the fractional vascular volume, so that Equation 1 is 
recast to defi ne the transfer and rate constants explicitly in 
terms of the plasma and EES tracer:

 ve dCe/dt � Ktrans (Cp � Ce) (2)
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where Ce is the contrast agent concentration in the EES and 
the contribution of the intravascular tracer is then added to 
give the total tissue contrast agent concentration:

 Ct � vp Cp � ve Ce (3)

where vp is the fractional volume of the intravascular 
(plasma) space. To determine the effect of this modifi cation, 
Harrer et al [12] compared the original model [7] (which 
also used an AIF previously determined from a sample of 
the normal population) with DCE for which vp was not 
assumed negligible and the AIF was measured for each gli-
oma patient. Their results suggest that more accurate values 
of Ktrans were, in fact, obtained. Areas of high Ktrans, as deter-
mined with the original model, were visible as areas of high 
vp on the maps that included AIF measurements and vp.

Alternatively, the multiple time-graphic method or 
Patlak plot [18] has been used to analyze the dynamic 
T1-weighted data, thereby also providing measures of the 
vascular transfer constants (Ktrans) and plasma volume frac-
tion (vp) [19,20]. The theory underlying this approach is the 
same as that described above. The difference is that the 
Patlak model assumes that the measurement is made dur-
ing the period where the plasma concentration is linear and 
no back-fl ux of contrast agent from the extravascular space 
occurs. Under these conditions the accumulation of tissue 
Gd is described by:

 
C t)/C t) K C t )dt vt p

trans
p p( ( (� �� �∫  

(4)

Consequently, plotting the ratio of Ct(t)/Cp(t) as a func-
tion of

 
(C t )dtp( � �∫  

gives a plot where the slope is equal to 
Ktrans and the intercept equal to Vp. The transfer constants 
determined with this approach were found to agree with 
those determined with 14C-sucrose measurements [20].

Imaging Methodology
The general approach to collection of DCE data is to 

use a fast gradient-echo T1-weighted sequence. Typically a 
three-dimensional spoiled gradient-echo image with short 
repetition time (TR) (TR �7 ms), minimum echo time (TE) 
(TE �1.5 ms) and low fl ip angle (�30�) is used [21]. The 
images are acquired every few minutes. Improved quantifi -
cation of estimated gadolinium concentration requires the 
acquisition of a pre-contrast T1 map. For the contrast agent 
injection it is recommended that a power injector be used 
to minimize inter-study variation [22]. The total contrast 
dose should be administered over 15–30 seconds, followed 
immediately by a saline fl ush. For these pharmacokinetic 
models, a measure of the AIF is also required. To obtain the 
AIF, the measurement protocol must have suffi cient tem-
poral resolution [23], especially when the contrast agent is 
administered as a bolus. Often the AIF cannot be measured 
directly and a common AIF is used. However, determination 

of individualized AIFs has been shown to improve study 
reproducibility [24].

Use of DCE to Characterize Non-CNS Tumors
Some of the fundamental data validating DCE tech-

niques in the assessment of tumors has come from inves-
tigations of non-CNS tumors [21,25–27]. Of the parameters 
determined, Ktrans, i.e. the plasma-tissue contrast agent 
transfer constant, has thus far proven to be the most prom-
ising by showing changes in response to anti-angiogenesis 
therapy [28] and a correlation with tumor vascular endothe-
lial growth factor (VEGF) expression and microvascular den-
sity in breast tumors [29,30]. In another study, investigators 
attempted to increase the specifi city for predicting breast 
tumor malignancy based on permeability measurements by 
employing a macromolecular contrast agent [17]. This study 
used dynamic data to yield estimates of the endothelial 
transfer coeffi cient, KPS [�Ktrans] and the fractional plasma 
volume of the tumors. The authors found a moderate yet 
statistically signifi cant correlation for KPS with presence of 
malignant histological features, but did not fi nd such a cor-
relation for fractional plasma volume. Using a criterion that 
a KPS value greater than 0 indicated a malignant lesion, the 
investigators found both a sensitivity and specifi city for 
detecting malignant tumor of 0.73 and a positive predictive 
value of 0.79.

Distinction of High-grade Gliomas from 
Other Neoplasms

Studies correlating DCE measurements in brain tumors 
[12,24,31] with histological features are fewer in number 
compared with studies performing the same comparison 
in non-CNS tumors. However, in such brain tumor studies, 
investigators have found good correlation between the major 
forms of hemodynamic measures available from DCE-based 
studies (e.g. various forms of permeability measurements 
and fractional blood volume) and tumor grade. In one study, 
good correlation between fractional vascular volume mea-
surements and grade of brain tumors was seen [32]. One 
study measured both fractional blood volume and micro-
vascular permeability in high-grade brain tumors along with 
immunohistochemical labeling (anti-Ki-67 monoclonal 
antibody, or MIB-1 index) indicative of mitotic activity [33]. 
Strong correlation between microvascular permeability and 
MIB-1 index was seen; however, the correlation between 
fractional blood volume and MIB-1 index was not statistically 
signifi cant. Example DCE results obtained from a patient 
with residual high-grade glioma are shown in Figure 29.1.

The primary issue with regard to the use of DCE tech-
niques in brain tumors is that its utility and information 
depends on whether the blood–brain barrier is intact. 
Fractional vascular volume measurements are more appli-
cable when the blood–brain barrier is intact and rCBV 
measurements are more applicable when the blood–brain 
barrier is interrupted [11].



Dynamic Susceptibility Contrast (DSC) Imaging
Basic Principles

In 1990, Rosen et al [34] demonstrated that if imag-
ing was performed during administration of a bolus of 
a Gd (gadolinium)-chelated contrast agent, a transient 
decrease in signal intensity could be seen (Figure 29.2). This 
approach is based on the principle of susceptibility contrast. 
Specifi cally, if a high concentration of a Gd contrast agent is 
confi ned to the vasculature, as is the case under bolus con-
ditions, a difference in susceptibility or ‘magnetizability’ 
between the contrast-containing vessel and tissue occurs. 
The signal change can be converted into a relaxation rate 
change, which is proportional to the fraction of blood vol-
ume within each image pixel. Because the arterial contrast 
agent concentration is typically not measured, the resulting 
CBV image maps show solely relative CBV values and are 
therefore termed rCBV maps.

In addition to measuring CBV, cerebral blood fl ow 
(CBF) can also be determined from the same dynamic 
data. The quantifi cation of CBF from DSC data requires 
the measurement of the arterial input function (AIF) and 
the deconvolution of the tissue concentration time curve. 
While there are many ways to perform the deconvolution, 
the model-independent singular value decomposition 
(SVD) approach is emerging as the most reliable [35].

DSC Imaging Methodology
A typical rCBV image protocol lasts only about 1–3 

minutes, with images collected approximately every 1 sec-
ond throughout this time period (see Figure 29.2). For the 
fi rst 30–60 seconds baseline images are acquired. Next, a 
bolus of contrast agent is administered while the collection 
of images continues both during and after contrast-agent 
administration. To create the rCBV maps, the signal ver-
sus time data are converted into T2* (or T2) relaxation rate 
(∆R2* or ∆R2) versus time data, which are proportional to 

FIG. 29.2. Dynamic susceptibility 
contrast (DSC) data. (A) An echoplanar 
image (EPI) collected during the bolus 
administration of a gadolinium contrast 
agent. (B) A signal time course from a 
voxel within the echoplanar image in (A). 
Note the transient decrease in the signal 
intensity as the bolus of contrast agent 
passes through the brain tissue. This 
decrease is due to the susceptibility effect 
of the contrast agent.

FIG. 29.1. Use of T1-weighted dynamic contrast-enhanced 
technique to evaluate permeability in a patient with residual high-
grade glioma after previous resection. Technique uses dynamic 
contrast-enhanced 3D spoiled gradient imaging sequence 
obtained every 6.45 s for 58 s after IV infusion of 0.1 mmol/kg of 
gadopentetate dimeglumine. Before contrast material infusion, fi ve 
unenhanced T1-weighted spoiled gradient images are obtained, 
each using different fl ip angle to derive T1 values of tissue needed 
for analysis of permeability. (A) Anatomic image obtained using 
contrast-enhanced T1-weighted spoiled gradient sequence through 
tumor shows lesion to have inhomogeneous contrast enhancement, 
with periphery of tumor having more marked contrast enhance-
ment than central portion. (B) Quantitative color-coded Ktrans (vol-
ume transfer constant between blood plasma and extravascular 
extracellular space, min�1) map obtained at same location as (A) 
showing range of Ktrans values from 0.0 min�1 (dark end of scale) 
to 0.1 min�1 (bright end of scale) shows marked increase in per-
meability within much of periphery of tumor. (Map of Ktrans gener-
ated using TOPPCAT Software, courtesy of Daniel Barboriak MD). 
(Reprinted from Provenzale JM, Mukundan S, Dewhirst MW. The 
role of blood–brain barrier permeability in brain tumor imaging 
and therapeutics. Am J Roentgenol 2005; 185:763–767 by per-
mission of the American Roentgen Ray Society.)
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tissue contrast agent concentration. These data can then be 
integrated (i.e. added up over time) to give rCBV for each 
image pixel (Figure 29.3). This description provides only the 
most basic implementation of a DSC rCBV protocol and the 
data analysis. Though seemingly simple, there are several 
issues regarding implementation and analysis that must be 
considered in order appropriately to use these methods. 
Several of these issues are briefl y discussed here.

Choice of DSC Imaging Sequence

To acquire DSC image data, fast imaging techniques are 
required. In most cases, echoplanar imaging (EPI) methods 
are used. Though some have used fast gradient echo meth-
ods such as FLASH [36–39], the time resolution is not as 
good compared to EPI methods and, therefore, the quality 
of FLASH data is less than that of EPI. Most, if not all, newer 
clinical MRI systems have the necessary high-speed EPI 
capabilities.

There also exists a choice in the type of EPI sequence 
to use. Investigators use either gradient-echo (GE)-EPI 
techniques or spin-echo (SE)-EPI techniques, or an image 
sequence that acquires both GE and SE data [40,41]. GE and 
SE methods differ in their sensitivity to vessel diameter. While 
GE techniques are equally sensitive to all vessel diameters, 

SE methods have a maximal sensitivity to microvessels [42]. 
In recent publications, we reported results using an image 
sequence that simultaneously collected both GE and SE data 
[40,41]. Besides providing maps of total and microvascular 
blood volume we were able to compute a GE:SE ratio related 
to the mean vessel diameter, as had been similarly done in a 
rat tumor model [43,44]. Example results using this simulta-
neous GE/SE method are given in Figure 29.4.

The image sequences used in rCBV mapping are T2- or 
T2*-weighted to enable them to be sensitive to the suscep-
tibility effect described above. To maximize this sensitivity, 
attention must be paid to the choice of imaging parameters. 
Detailed analyses of the signal-to-noise ratio of rCBV maps 
and its dependence on the choice of experimental parame-
ters and processing strategies, has been undertaken [45,46]. 
To maximize the signal-to-noise ratio of rCBV maps, it was 
recommended that the input bolus duration be as short as 
possible, that a suffi cient number of baseline images are 
collected and that the imaging parameters (TE, TR) be opti-
mized for the dose of contrast agent.

Post-Processing of DSC Data

In the study just described [45], it was also suggested 
that the straightforward integration of the signal time course, 

FIG. 29.3. Diagram explaining calculation of relative cerebral blood volume (rCBV), cerebral blood fl ow (CBF) and mean transit 
time (MTT) using dynamic susceptibility contrast technique. Signal-time course data for each voxel is converted to T2* relaxation rate 
changes (DR2*) which are assumed proportional to the tissue contrast agent concentration. Maps of rCBV are obtained by determin-
ing area below the trace concentration-time curve. Maps of relative cerebral blood fl ow are obtained by determining height of the tis-
sue response function. To obtain the tissue response function, the arterial input function (AIF) must be deconvolved from the measured 
tissue concentration-time curve. (Adapted by permission from Petrella JR, Provenzale JM. MR perfusion imaging of the brain: tech-
niques and applications. Am J Roentgenol 2000; 175:207–220 by permission of the American Roentgen Ray Society.)
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rather than a gamma variate fi t of the time course, is the 
most reliable and practical method of determining rCBV, at 
least in normal brain. In another study, four different post-
processing methods were compared for the determination 
of rCBV and CBF using Monte-Carlo simulations and in 
patients with cerebral ischemia [47]. The rCBV was deter-
mined by two different methods that numerically integrate 
the tracer concentration-time curves, with one approach 
integrating over the whole time series and the other limiting 
the integration to the fi rst pass. In addition, two other meth-
ods were applied that take recirculation into account. One 
method used a gamma-variate fi t, while the other method 
determined CBV by deconvolving the tissue time curve with 
the arterial input function and then integrating the result-
ing residue function. The study showed clear differences in 
precision and accuracy among these methods for the deter-
mination of relative as well as absolute CBV. For relative CBV 
measurements, simple numerical integration over the whole 
image range had clear advantages in terms of high SNR 
and modest computational requirements. Although gamma-
variate fi tting and deconvolution both demonstrated 

accurate relative CBV measurements, these numerical 
manipulations introduced additional noise in the maps and 
increased computational complexity. For the determina-
tion of absolute CBV, the two methods that minimize recir-
culation effects were shown to be most accurate. Of the two 
approaches, the deconvolution approach gave maps with 
higher SNR compared to gamma-variate fi tting and, because 
the deconvolution approach is necessary for the determina-
tion of CBF, this choice seems the most logical when abso-
lute values are desired.

Contrast Agent Leakage Effects

Additional issues arise when using DSC methods to 
determine rCBV in brain tumors in particular. Specifi cally, 
determination of brain tumor rCBV from the contrast-
enhanced MRI signal can be complicated by a leaky blood–
brain barrier, as is often the case with tumors. Under these 
conditions, contrast agent leaks out of the vasculature into 
the brain or tumor tissue, thereby diminishing the sus-
ceptibility effect (i.e. producing a smaller signal decrease) 
of the contrast agent passage through the vasculature. 

FIG. 29.4. Example of data and image information that can be collected when simultaneously collecting GE (gradient-echo) and SE 
(spin-echo) DSC data. Example GE and SE time courses are shown at left. The resulting GE and SE rCBV maps from a patient with a 
grade III astrocytoma are displayed in the center. The GE rCBV provides information about total blood volume, while the SE rCBV map 
gives information about the microvascular blood volume. The GE to SE relaxation rate ratio map, shown at right, provides a measure 
of the mean vessel diameter.
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This feature may lead to an underestimation of rCBV. 
Various levels of consideration have been given to this 
issue. Many investigators perform rCBV imaging without 
leakage correction [48–51], but do mention it as a pos-
sible confounding factor. Others authors include data in 
their studies only if leakage is not demonstrated [51]. Some 
investigators use low fl ip angle GRE [52–54] or dual-TE [55] 
methods to minimize the T1 effects that occur with agent 
extravasation. Yet another approach is to manage this effect 
by both minimizing its impact during data collection and 
applying a correction during post-processing [40,41]. The 
approach is fi rst to administer a preload of contrast agent 
to diminish any T1 changes that might subsequently occur 
during the bolus administration. Then, after collecting the 
dynamic data, leakage is detected and fi tted on a pixel-wise 
basis [56,57]. With this approach, it was demonstrated that 
GE rCBV signifi cantly correlated with tumor grade while the 
uncorrected maps did not [40,41,57]. Contrast agent leak-
age can also confound the determination of CBF. Though 
the effect is less profound compared to CBV, it does con-
tribute inaccuracies. Consequently, a post-processing cor-
rection algorithm was also recently developed for purposes 
of measuring CBF in brain tumors [58].

As just described, most attention has been paid to 
minimizing the T1 effects resulting from agent extravasa-
tion. Although the T1 minimization sequences and post-
processing algorithms correct for T1 enhancement effects, 
they may not correct for possible T2- and T2*-weighted sig-
nal changes that result from loss of compartmentalization 
or increased sensitivity to dipolar T2 effects [59]. These lat-
ter effects can be signifi cant and result in overestimations of 
blood volume. Therefore, we need a better understanding of 
the various DSC methods, their respective accuracies and sen-
sitivities to T1, T2 and T2* effects in the presence of leakage.

Distinction of Glioma Tumor Grade
One of the characteristic features of high-grade tumors 

relative to low-grade tumors is greater capillary density. 
Because rCBV is generally considered to refl ect capillary 
density, it is reasonable to suppose that high-grade tumors 
have higher rCBV than low-grade tumors. Therefore, by using 
this dynamic susceptibility contrast (DSC) MRI method, sev-
eral laboratories have demonstrated the feasibility of deter-
mining rCBV in patients with brain tumors [37–40,45,46, 
48–50,52,60–62]. Several studies suggest that MRI-derived 
rCBV may better differentiate histologic tumor types than 
conventional MRI and provide information to predict glial 
tumor grade [38,40,49,50,52,63]. Example post-contrast and 
rCBV image maps of low- and high-grade gliomas are given 
in Figure 29.5.

Correspondingly, rCBV has been correlated with angi-
ographic features of tumors [64]. In such studies, rCBV 
is typically measured within the tumor region and then 
expressed as a percentage of rCBV in a region of normal 
brain white matter. In most studies, no attempt has been 

made to measure the same control region in all patients, 
but instead the control region typically differs in location 
from patient to patient [65]. On rCBV maps, normal gray 
matter regions are typically seen to have higher rCBV than 
normal white matter regions. The major reason cortical 
gray matter regions have not standardly been used as con-
trol regions is the fact that rCBV values in various cortical 
gray matter regions can vary widely in the same individual 
according to whether cortical vessels, which would elevate 
rCBV measures, are included in the region of interest used 
for rCBV measurement.

In most studies, the greatest rCBV values measured in a 
high-grade brain neoplasm are generally found to be much 
higher than in normal white matter and approximately the 
same as, or higher than, rCBV values in gray matter [66]. 
In these studies, investigators have typically measured the 
region of highest rCBV within a tumor, taking into account 
the fact that tumors are characteristically heterogeneous 
with regard to vascular supply and, thus, rCBV. Many stud-
ies have been performed to attempt to distinguish high-
grade gliomas from other types of primary brain tumors 
(e.g. low-grade gliomas, central nervous system lymphoma 
and meningiomas) and metastases. The rCBV values in var-
ious series are often expressed as a ratio of highest rCBV in 
tumor compared to a representative rCBV value in a normal 

FIG. 29.5. T1-weighted contrast enhanced images (A and C) 
and GE rCBV maps (B and D) from a 46-year-old male diag-
nosed with a low-grade astrocytoma (A,B) and (C,D) a 45-year-
old female diagnosed with a glioblastoma multiforme.
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brain region (typically normal appearing white matter in 
either the same hemisphere or contralateral hemisphere). 
The resultant ratio is referred to using various terms, of 
which the most common is the rCBV ratio.

A recent study using the combined GE/SE sequence 
[41], described above, emphasizes the importance of the 
choice of the tumor region of interest (ROI) on the study 
results. When extracting mean data from ROI of the entire 
tumor, the GE rCBV and ratio information showed statisti-
cally signifi cant differences between low-grade and high-
grade tumors, while the SE rCBV information did not 
[40,41]. However, when extracting the rCBV information 
from blood volume ‘hot spots’ or areas with the highest 
microvessel blood volume, a signifi cant correlation was also 
found between SE rCBV and glioma grade [41]. This fi nding 
is consistent with the histopathologist’s approach of assess-
ing tumor angiogenesis, which is performed by evaluating 
areas of highest microvessel density.

Distinction of High-grade Gliomas from 
other Neoplasms

DSC-based studies have been generally successful in 
distinguishing high-grade glial neoplasms from other cer-
ebral neoplasms. A number of studies have indeed verifi ed 
the hypothesis that the mean values of regions of highest 
rCBV in high-grade gliomas are substantially higher than 
the mean values of regions of highest rCBV in low-grade 
gliomas [67,68]. One exception that has been noted is that 
of low-grade oligodendrogliomas. In one series that used 
a threshold rCBV ratio of 1.5 to distinguish high-grade 
tumors from low-grade tumors, the investigators found that 
this threshold had 100% sensitivity for detecting high-grade 
gliomas but that two of four low-grade oligodendroglio-
mas had rCBV ratios above this threshold [68]. In the same 
study, two of nine low-grade astrocytomas had rCBV ratios 
that exceeded the threshold ratio.

Distinction of high-grade gliomas from central nervous 
system lymphoma is another diffi culty that neuroradiolo-
gists face with some frequency based on the two entities, 
on similar imaging features of the two types of tumors on 

conventional MR imaging studies. In one study, lymphoma 
lesions could be distinguished from high-grade glial neo-
plasms on the basis of lower mean rCBV values [69]. The 
authors also found that primary CNS lymphoma lesions 
typically had a time-signal intensity curve characterized 
by an increase in signal intensity above baseline follow-
ing the initial decrease in signal intensity. Such an increase 
has been shown to be associated with marked leakage of 
contrast material across a very leaky blood–brain barrier; 
if not taken into account when analyzing DSC images, 
such an increase in signal intensity can produce lower than 
expected rCBV measurements [70].

In another such example, dural metastases from non-
CNS sources were found to have signifi cantly lower rCBV 
values than lesions with which they could be confused on 
radiological grounds, i.e. meningiomas [71].

Potential Role of CBF to Characterize Brain Tumors
Measurement of CBF provides information not derived 

from CBV measures. For example, it has been shown that 
areas of high vessel density may not necessarily corre-
spond to well-perfused (oxygenated) areas [72]. Blood fl ow 
within solid tumors is spatially and temporally heteroge-
neous [72–75]. The importance of tumor heterogeneity as 
a factor infl uencing the response to treatment has been 
well described [15,72,76]. Blood fl ow is necessary for the 
hematogenous delivery of anti-cancer agents. Decreased 
perfusion can result in tissue hypoxia, which diminishes 
the tumor’s sensitivity to radiation treatment [77]. Thus, 
measurement of CBF should aid in monitoring the progress 
of therapies [78]. This may be of particular importance for 
antivascular agents that have been shown to induce acute 
and massive tumor hemostasis [79,80]. Therefore, meas-
urement of CBF provides functional information about the 
tumor vasculature, which is complementary to the mor-
phologic measurement provided by CBV images. Example 
CBF images, also derived from DSC data, are given in Figure 
29.6. These images were determined using the singular 
value decomposition method after correcting the data for 
contrast agent leakage effects [58].
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FIG. 29.6. T1-weighted contrast-
enhanced images (A) and (B) GE rCBF 
and (C) GE MTT maps from a 46-year-
old male diagnosed with a low-grade 
astrocytoma. These are from the same 
patient as shown in Figure 29.3.
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Assessment of Tumor Vascular Architecture
As mentioned above, use of combined GE/SE DSC 

techniques has also shown that a measure of a voxel’s 
mean vessel diameter (mVD) can also be determined. 
In particular, due to the different sensitivities of GE and 
SE to vessel diameter, theory has shown that the ratio of 
GE and SE relaxation rates (∆R2*/∆R2) is proportional to 
the mVD [42]. A strong correlation between this ratio and 
an independent measure of vessel diameter has been dem-
onstrated in animal tumor models [43,44]. We have also 
demonstrated, for the fi rst time in patients, that the ratio 
was signifi cantly correlated with tumor grade [40,41].

Assessment of tumor vessel architecture, with mea-
surements of such parameters as mVD, may be important to 
our understanding of treatment effects. Several studies have 
demonstrated changes in vascular architecture with tumor 
growth [81], in response to treatment and under various con-
ditions such as hypoxia. It has been suggested that adminis-
tration of individual antiangiogenic agents may block specifi c 
angiogenic pathways and thus result in different patterns of 
tumor vessel formation [82]. In one study using DSC meth-
ods, rats treated with the corticosteroid dexa methasone 
showed that the mean vessel diameter and overall architec-
ture was much more like that in normal brain [83]. This result 
may be explained by the fact that dexamethasone inhibits 
VEGF expression [84,85] and vessels become dilated when 
both VEGF and angiopoietin-2 are present [81].

MR Perfusion Imaging Assessment of 
Peritumoral Regions

Defi nition of tumors margins on cross-sectional imag-
ing studies is one of the more diffi cult tasks the neuroradi-
ologist encounters in assessing imaging studies of patients 
with contrast-enhancing brain tumors. The problem would 
be relatively simple if one could assume that the margins of 
a contrast-enhancing lesion coexisted with the margins of 
the tumor. However, numerous reasons exist for believing 
this assumption is generally invalid. First, histological anal-
ysis of high-grade brain neoplasms frequently shows gross 
or microscopic evidence of tumor extension beyond the 
regions that contrast enhance on imaging studies. Second, 
many tumors do not contrast enhance (or weakly enhance) 
on imaging studies. Therefore, use of enhancing regions to 
demarcate tumor extent is fruitless. For these reasons, neu-
roradiologists have turned to imaging techniques other than 
solely conventional contrast-enhanced CT or MR imaging to 
attempt to defi ne actual tumor extent. The major techniques 
for this application are advanced MR imaging techniques 
(e.g. MR spectroscopy, diffusion imaging and perfusion 
imaging) and nuclear medicine techniques (e.g. positron 
emission tomography). This review will focus solely on the 
role of MR perfusion imaging to defi ne tumor margins.

In one study, investigators using DSC methods to study 
tumor margins found that rCBV values in the peritumoral 

regions of high-grade gliomas were signifi cantly higher 
than in metastases [86]. However, in the same study, rCBV 
in metastases was substantially higher than in gliomas, 
which seems at variance with the fi nding of higher rCBV 
in peritumoral regions of metastases. Another study also 
found signifi cantly higher rCBV values in the peritumoral 
regions of high-grade gliomas than in metastases; in that 
study, rCBV values in the two types of tumors being studied 
were very similar [87].

MR Perfusion Imaging for Assessment of 
Tumor Therapy

Whereas a number of well-designed studies to moni-
tor response to tumor therapy have been performed in ani-
mal models, relatively few studies have used MR perfusion 
imaging to assess tumor response in humans. Animal stud-
ies will be discussed fi rst.

In one study using a murine breast tumor model and 
DCE technique, investigators used a heavily T1-weighted 
three-dimensional spoiled gradient-refocused acquisition in 
a steady-state pulse (SPGR) sequence and a macromolecu-
lar contrast medium to assess response following treatment 
with anti-VEGF antibody [88,89]. The study found both 
decreased tumor growth rates and decreases in microvascu-
lar permeability following treatment. In another study that 
also used DCE technique and rats harboring a tumor raised 
from human glioblastoma multiforme cell lines, investiga-
tors showed a signifi cant decrease in microvascular per-
meability after therapy with a monoclonal antibody raised 
against VEGF [90].

With regard to therapeutic trials in humans, in one of 
the few trials of an antiangiogenesis therapy for human 
brain tumors, early decreases in rCBV (measured on DSC 
MR imaging) and degree of contrast enhancement (mea-
sured on DCE imaging) were seen [91]. In another study, 
investigators sought to determine whether the rCBV meas-
ured in tumors prior to therapy would allow prediction of 
treatment outcome [92]. The pretreatment rCBV did not 
allow such prediction but, instead, the change in rCBV after 
the fi rst 6 weeks of therapy did allow prediction of treatment 
outcome at 6 months [92]. Change in rCBV was substan-
tially more sensitive in prediction of outcome than change 
in tumor size over the same period.

Distinction of Tumor Recurrence from 
Radiation Necrosis

Another problem that neuroradiologists encounter on 
a fairly regular basis is distinction of tumor recurrence from 
radiation necrosis. The problem lies in the fact that both 
processes can produce marked interruption of the blood–
brain barrier (and subsequent contrast enhancement after 
intravenous infusion of contrast material) and mass effect. 
Thus, the distinction of radiation necrosis from tumor recur-
rence using conventional contrast-enhanced MRI and CT 



imaging is often diffi cult. Alternative imaging techniques, 
such as FDG-PET and MR spectroscopy, are increasingly 
used in an attempt to distinguish radiation necrosis from 
residual tumor [93]. MR imaging perfusion imaging has also 
been brought to bear on distinguishing these two entities. 
The theoretical basis for the use of perfusion MR imaging 
lies in the fact that recurrent high-grade tumor is marked 
by angiogenesis (which would typically be associated with 
high rCBV) and tumor necrosis is generally associated with 
lack of rCBV elevation [94]. In one study, investigators used 
dynamic MR imaging to use rate of contrast enhancement 
to distinguish high-grade tumor recurrence from radia-
tion necrosis [95]. In that study, signal enhancement-time 
curves were analyzed by fi tting to a sigmoidal-exponential 
function and the resultant maximal enhancement rates 
were calculated as the fi rst derivative of the fi tted curve. 
The mean maximal enhancement rate in tumor recurrence 
was signifi cantly higher than in radiation necrosis; cases of 
mixed tumor recurrence and radiation necrosis had values 
that were intermediate between solely tumor recurrence 
and solely radiation necrosis. Similarly, another study used 
DSC imaging in an attempt to distinguish recurrent tumor 
from radiation necrosis in 20 cases [62]. Recurrent tumor 
was consistently found to have high rCBV ratio whereas 
radiation necrosis was seen to have low rCBV relative to 
contra lateral normal brain tissue. Finally, another report has 
shown that it is possible to depict a difference by DSC tech-
nique between low-grade astrocytomas following radiation 
treatment and normal brain [96].

Arterial Spin Labeling Techniques
Recently, MR perfusion imaging using arterial spin 

labeling has begun to show promise as a technique for 
hemodynamic assessment of brain tumors. At the time of 
writing, the technique is not widespread and only a small 
number of clinical studies have been performed in humans. 
Nonetheless, because of its promise, the technique will be 
reviewed here.

Arterial spin labeling is a completely non-invasive MR 
imaging technique because it does not require infusion of 
exogenous tracer material. Instead, a subject’s own blood is 
used as an intrinsic tracer. Arterial blood outside the imag-
ing plane is labeled using an inversion pulse and, upon 
entering the imaging section, spins within blood exchange 
with tissue water within capillaries [65]. By subtracting an 
image of the target tissue obtained prior to blood labe-
ling from an image obtained after magnetized spins have 
entered the target slice, a hemodynamic image is obtained. 
Preliminary studies using animals harboring tumors have 
shown promising results for measuring various hemody-
namic parameters within tumors [97]. Work in humans with 
brain tumors has shown ability to distinguish high-grade 
gliomas from low-grade gliomas, as well as very good cor-
relation of the ratio of tumor blood fl ow to cerebral blood 
fl ow as determined by arterial spin labeling technique and 

dynamic susceptibility contrast technique [65]. Example 
ASL images, obtained from a healthy volunteer are given in 
Figure 29.7.

Although investigators have been heavily reliant on 
DCE techniques to determine degree of permeability within 
tumors, permeability can also be assessed from DSC images 
within certain limitations. Such measurements are possible 
because two dominant features contribute to the time sig-
nal-intensity curve generated from DSC-based data after 
rapid passage of a bolus on gadolinium-based contrast mate-
rial. The predominant feature is the so-called K1 effect, which 
represents the effect of intravascular contrast material; this 
effect is used to derive rCBV maps. However, another feature 
contributes to the time-signal intensity curve, the so-called 
K2 effects generated by the T1-shortening effects of the extra-
vascular component of the infused contrast material. The 
K2 effects can be analyzed separately from the K1 effects to 
produce maps that depict relative degrees of leakage of con-
trast material. In one study, investigators found a correlation 
between increasing degree of permeability derived using 
DSC technique and increasing tumor grade [98]. Although 
some degree of overlap was seen between permeability 
values for low-grade tumors and high-grade tumors, in gen-
eral, the two tumor types could be distinguished from one 
another.

CT Perfusion Imaging
In recent years, CT perfusion imaging has gained 

acceptance as a valuable imaging technique for assess-
ment of some central nervous system diseases, such as 
cerebral ischemia. However, because MR imaging remains 
the preferred technique for assessment of brain tumors, 
reports of CT perfusion studies of rCBV for evaluation of 
brain tumors are much fewer in number than reports of 
MR imaging for the same purpose. However, CT perfusion 
imaging for assessment of brain tumors has been well-
validated in animal studies [99]. In humans, CT perfusion 
imaging has been reported to be of value in assessment of 
head and neck tumors (possibly refl ecting the fact that CT 
imaging remains the preferred technique for evaluation of 
neck tumors at many institutions). For instance, using a 
technique that assesses not only the initial phase of con-
trast enhancement, but also the time-signal intensity curve 
over the fi rst few minutes after infusion of contrast mate-
rial, investigators have examined regional blood fl ow, cap-
illary permeability and relative compartmental volumes 
in human neck tumors [100]. Those investigators found 
higher regional blood fl ow in neck neoplasms compared to 
normal muscle, but attributed that higher blood fl ow to a 
higher regional blood volume rather than to higher fl ow per 
unit plasma volume. Published examples of CT perfusion 
imaging for assessment of brain tumors remain confi ned at 
this point to small series or case reports. In a report of fi ve 
cases of brain tumors assessed using CT perfusion imaging, 
high-grade gliomas were found to produce heterogeneous 

D Y N A M I C  C O N T R A S T- A G E N T  M R I  P E R F U S I O N  T E C H N I Q U E S  •  273



274 C H A P T E R  2 9  •  P E R F U S I O N  I M A G I N G  F O R  B R A I N  T U M O R 

rCBV maps with regions of high rCBV, whereas low-grade 
gliomas solely had only low rCBV [101]. These fi ndings are 
similar to those reported using MR imaging. In one series 
of patients with various diagnoses studied by CT perfusion, 
the investigators reported markedly elevated rCBV and 
rCBF within contrast-enhancing tumor in a patient with 
a malignant brain neoplasm [102]. Another case report 
reported CT perfusion imaging fi ndings in a patient with 
a high-grade glioma who could not undergo MR imaging 
because of the presence of a cardiac pacemaker [103]. CT 
perfusion imaging showed moderately elevated rCBV and 
markedly elevated rCBF and mean permeability surface 
fl ow within the tumor compared to normal tissue. Finally, 
CT perfusion fi ndings have been reported in two patients 

with brain metastases developing from a non-CNS origin, 
of which one also underwent MR perfusion imaging using 
DCE technique [104]. In both patients, the tumors were 
seen to contrast-enhance on conventional CT imaging and 
both had markedly increased permeability-surface area 
measurements on CT perfusion. One tumor was seen to 
have normal rCBF and only mildly elevated rCBV, while the 
other tumor had both markedly increased rCBF and rCBV. 
In the latter patient, regions of highest permeability slightly 
differed on CT perfusion imaging compared to regions of 
highest permeability on MR imaging. However, the regions 
of high rCBV on CT perfusion imaging conformed relatively 
well to regions of tumor having high rCBV on MR perfusion 
imaging.

FIG. 29.7. T1-weighted anatomic (upper images) and ASL images (lower images) obtained from a healthy volunteer on a 3T 
MRI System. The ASL images were obtained using a background suppressed PICORE/QUIPSSII tagging scheme implemented with a 
multi-shot, spin-echo spiral-out sequence, TI2�1600 ms, TI1�700 ms, tag thickness�20 cm, tag gap�1 cm, TE�11 ms, TR�3000 ms. 
(Images are courtesy of Eric Paulson, Medical College of Wisconsin.)
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OVERVIEW

Incidence and Prevalence
Brain tumors are generally divided into primary and 

secondary or metastatic brain tumors. There are approxi-
mately 14 000 new primary brain tumors diagnosed each 
year with a slightly greater incidence in men (57%) as com-
pared to women (43%), with the peak incidence, in adults, 
occurring between the ages of 60 and 80 years [1]. Overall, 
brain tumors account for approximately 2% of all malig-
nant tumors. The most common form of adult primary 
brain tumor is the glioma, which arises from glial cells, with 
diffuse fi brillary astrocytomas the most common type in 
adults. Gliomas account for greater than 90% of primary 
brain tumors in patients over age 20 years and 60% of all 
primary brain tumors [2]. Typically, gliomas are classifi ed 
into increasing grades of malignancy based on histopathol-
ogy. The World Health Organization (WHO) grading system, 
which is based on cellularity, is the most commonly used 
classifi cation system [3]. In children, brain tumors are most 
frequently infratentorial in location. The most common 
tumor type is the medulloblastoma, which arises in the 
posterior fossa. Pediatric astrocytomas, the majority (80%) 
of which are of low-grade histology and infratentorial in 
location, are also seen relatively frequently [4].

Brain Tumor Classifi cation
In general, brain tumors are classifi ed as primary or 

secondary, based on whether the tumor originated in the 
brain or spread hematogenously from another tumor site 
in the body. The WHO brain tumor classifi cation system 
is based on typing the cell of origin in the brain such as 
the glial cell. The celluarity of astrogliomas is further char-
acterized as to the degree of malignancy ranging from 

well differentiated low-grade tumors (grade I), high-grade 
(grade II) to anaplastic (grade III) and the least well differ-
entiated glioblastoma multiforme (grade IV) tumors [5]. As 
would be expected, the survival rate diminishes signifi cantly 
as the tumor grade progresses from grade I to IV. Early PET 
studies [6] also reported that the degree of glial cell malig-
nancy, based on histopathology, directly correlated with the 
degree of tumor glycolytic activity observed on [18F]fl uoro-
deoxyglucose (FDG) PET imaging. Furthermore, the degree 
of tumor metabolic activity was inversely correlated to 
prognosis as patients with the highest metabolic activity 
tumors had the shortest long-term survival [7].

NEUROIMAGING

CT and MRI
There are a wide variety of neuroimaging procedures, 

both invasive and non-invasive, that have been employed 
in the evaluation of the brain. In the evaluation of brain 
tumors, however, the most frequently employed neuroim-
aging procedures are CT and MR imaging. Each of these 
techniques has a number of very signifi cant strengths and 
weaknesses. As a result, both CT and MRI are often required 
in the assessment of individual brain tumors. CT and MR, 
as anatomic techniques, demonstrate a number of direct 
and indirect fi ndings that are useful in characterizing brain 
tumor type, extent and response to treatment. Among the 
direct fi ndings are tumor density, which may be secondary 
to such factors as water content, regressive changes, vascu-
larity, calcifi cations and contrast enhancement [2]. Other 
observed changes, which are more indicative of the pres-
ence of a mass and less specifi c for the presence of a tumor, 
are referred to as indirect fi ndings or signs [2]. The most 
common indirect signs include presence of a mass effect, 
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edema and changes in the adjacent bone. Overall, the 
accuracy of CT and MRI for detecting the presence of brain 
tumors is typically �95% [8]. Unfortunately, even though 
CT and MRI are superb imaging techniques, they are con-
tinuing to be refi ned with new imaging sequences with and 
without contrast media. These techniques are somewhat 
less useful in characterizing the tumor as to cell type and 
degree of malignancy. As a result, other techniques, includ-
ing magnetic resonance spectroscopy and nuclear medicine 
techniques, are being employed to further the understand-
ing of the underlying biochemical processes occurring at 
the tumor cellular level [9].

Magnetic Resonance Spectroscopy
The fi eld of magnetic resonance spectroscopy (MRS) is 

continuing to evolve. Specifi cally, the technique is progress-
ing from single voxel to multivoxel and two-dimensional 
techniques have resulted in improved spatial resolution, 
which in turn is supplying additional information regarding 
tumor heterogeneity. This approach supplies unique infor-
mation regarding specifi c intracellular metabolites such 
as choline, creatine, phosphocreatine, N-acetylaspartate 
(NAA), lactic acid and various mobile lipids and triglycer-
ides. Measurements of these metabolites, in particular, and 
the comparison of metabolite ratios have been of value in 
tumor grading, analysis of tumor heterogeneity, degenera-
tion to more malignant tumor grade, response to therapy 
and differentiation of radiation necrosis from viable tumor 
[10]. Unfortunately, although MRS is a very sensitive tech-
nique, it still lacks the specifi city to be used solely as a stand-
alone technique clinically.

SPECT Imaging
Nuclear medicine techniques employed for the evalu-

ation of brain tumors consist of SPECT and PET imaging 
utilizing a variety of radiopharmaceuticals. The radiophar-
maceutical employed with SPECT can be categorized into 
a number of broad categories as follows: regional cerebral 
blood fl ow compounds ([99 mTc]HMPAO and [99 mTc]ECD); 
cationic compounds (thallium-201(201Tl), [99 mTc]MIBI, 
[99 mTc]tetrofosmin); labeled amino acids ([123I] iodo-α-
methyltyrosine ([123I]IMT)); labeled antibodies; labeled 
somatostatin analogs ([111In]octreotide) and apoptosis 
compounds ([123I]anexcin). SPECT has been widely availa-
ble for the past two decades, although PET and particularly 
PET/CT are also becoming increasingly available for clinical 
use. The disadvantage of SPECT is its slightly inferior spa-
tial resolution to that of PET. However, this disadvantage of 
SPECT could be offset by some of the major advantages of 
SPECT that are related to the more cost-effective availabil-
ity of SPECT tracers compared with PET tracers. For SPECT 
or PET to be a viable clinical or research tool for imaging 
of brain tumors, however, it must provide information that 
cannot be obtained by other imaging modalities such as CT, 

MRI and MRS [1,11]. The pertinent information expected to 
be obtained from SPECT or PET imaging of brain tumors 
relates to whether: (1) tracer uptake correlates with tumor 
histological grade and hence tracer uptake may be used as 
a diagnostic or prognostic indicator; and (2) tracer uptake 
can be used to indicate postoperative tumor recurrence or 
it can distinguish between tumor recurrence and radiation 
necrosis.

Regional Cerebral Blood Flow
The two most popular brain SPECT compounds for 

assessment of cerebral blood fl ow (rCBF) are [99 mTc] 
HMPAO and [99 mTc] ECD. Both of these compounds are 
lipophilic and readily cross the intact blood–brain barrier 
(BBB) where they convert to hydrophilic compounds that 
are not able to easily cross back across the BBB. In general, 
rCBF compounds are not routinely used in the assessment 
of brain tumors, although in the past these compounds 
were used in combination with 201Tl for differentiation of 
malignant brain lesions from more benign tumors [12]. At 
present, much of the interest in rCBF SPECT for evaluation 
of brain tumors has switched to functional magnetic reso-
nance imaging (fMRI).

Labeled Cations: Thallium-201 (201Tl) and [99 mTc]MIBI
Thallium-201 (201Tl) is chemically a potassium ana-

logue and its tumor uptake appears to be related to multi-
ple factors including alterations in the BBB, Na�/K� ATPase 
pump activity and blood fl ow [13,14]. Although low energy 
x-rays (68–80 KeV) from 201Tl decays are not optimal for 
imaging, the long physical half-life of 73 h is a convenient 
feature of 201Tl. Typically, 201Tl SPECT brain imaging is 
performed at 15 min after bolus intravenous injection of 
2–5 mCi of 201Tl and, additionally, delayed SPECT imaging 
may be performed a few hours after the 201Tl administration.

To date, many studies have been performed to inves-
tigate the potential utility of 201Tl SPECT imaging for glio-
mas and other brain tumors [13,15–23]. The results of these 
studies suggest that 201Tl uptake generally correlates with 
histological tumor grades. However, there is a considerable 
overlap between 201Tl uptake and tumor grades, probably 
because of the heterogeneity of tissue within the tumor 
(necrosis or edema) and the partial volume effects (e.g. see 
[16,20]) as well as the fact that some low-grade tumors such 
as a pilocytic astrocytoma may show high 201Tl uptake [17]. 
In a large retrospective study of 90 patients, in the differ-
ential diagnosis of various brain tumors [19], the sensitiv-
ity and specifi city of 201Tl brain SPECT were 72% and 82%, 
respectively. The false positives and negatives in this study 
were related to the limited resolution of the 201Tl brain 
SPECT, as well as the areas of normal physiological 201Tl 
activity (false positives). In this respect, the inferior spatial 
resolution of SPECT confounded by the inferior physical pro-
perty of 201Tl (low x-ray energies) may be a major limitation 
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of 201Tl SPECT for brain tumor imaging. Thus, 201Tl SPECT 
may not be the study of choice to be used to diagnose or 
predict the prognosis of brain tumors.

However, evidence suggests 201Tl SPECT allows dif-
ferentiation of a high-grade tumor recurrence from radia-
tion necrosis (Figure 30.1) and the results of a more recent 
study [23] suggest that 201Tl-SPECT has adequate diagnostic 
accuracy to be part of routine algorithms in the follow-up 
of patients even with low-grade glioma suspected of tumor 
recurrence. Gomez-Rio et al [23] studied 84 patients with 
resected low-grade gliomas who had suspicion of tumor 
recurrence during their follow-up. 201Tl-SPECT images were 
assessed by visual analysis and by estimation of the uptake 
index (ratio of mean counts in the lesion to those in the 
contralateral mirror area). The global visual analysis diag-
nostic accuracy for 201Tl-SPECT was 83%, with a sensitiv-
ity of 88% and a specifi city of 76%. An uptake index cut-off 
value of 1.25 showed a sensitivity of 90% and specifi city of 
80% for detection of tumor activity. Diagnostic pitfalls were 
observed in regions with physiological 201Tl uptake, i.e. the 
posterior cranial fossa, diencephalon, lateral ventricles and 
cavernous and longitudinal venous sinuses. Because of 
more favorable prognosis of patients with low-grade glio-
mas, 201Tl SPECT may thus play an important role as a clini-
cal tool to detect tumor recurrence.

[99 mTc]MIBI is also a myocardial-imaging agent like 
201Tl. [99 mTc]MIBI is a cationic compound and accumu-
lates in cytoplasm and mitochondria of the myocardium 
as a result of passive diffusion across the negative cellu-
lar/organelle membrane. However, [99 mTc]MIBI is nor-
mally excluded from the brain by the BBB and, unlike 201Tl, 

[99 mTc]MIBI accumulates in the choroid plexus, which 
cannot be prevented by the administration of potassium 
perchlorate. Thus, [99 mTc]MIBI uptake in brain tumors 
appears to relate mainly to the breakdown of BBB in the 
tumor. Although [99 mTc]MIBI has better imaging charac-
teristics (140 KeV and higher allowable injection dose of 
up to 30 mCi), studies designed to evaluate the usefulness 
of [99 mTc]MIBI for diagnosis, prognosis and detection of 
tumor recurrence have not yet convincingly shown its supe-
riority to 201Tl [24–28] and the clinical utility of [99 mTc]MIBI 
SPECT needs yet to be defi ned. [99 mTc]MIBI is eliminated 
from cells by P-glycoprotein, which also acts as energy-
driven effl ux pump for several antineoplastic agents. 
However, multiple drug resistance (MDR)-1 gene expres-
sion, as demonstrated by [99 mTc]MIBI, does not appear to 
correlate with chemoresistance in gliomas [27].

Labeled Amino Acids: [123I] Iodo-α-Methyltyrosine 
([123I]IMT)

[123I]IMT is a SPECT tracer developed as an alterna-
tive to methyl-[11C]-L-methionine ([11C]MET). [123I]IMT 
is a radiolabeled amino acid (tyrosine) analogue, which is 
taken up in the brain by carrier mediated, stereo-selective 
active transport systems across the BBB and cell mem-
branes. [123I]IMT is not incorporated into cellular pro-
teins. However, cellular uptake of [123I]IMT in glioma cells 
appears to be a biomarker of cellular proliferation [29]. 
123I possesses favorable SPECT imaging characteristics for 
imaging (γ rays of 159 keV and a physical half life of 13 h) 
and well-known and characterized synthetic procedures to 
incorporate into biologically relevant molecules such as an 
amino acid analogue, methyltyrosine. In North America, the 
commercial availability of 123I has been limited to one sup-
plier/manufacturer, although this situation may improve in 
the near future with efforts to increase 123I availability from 
additional sources.

Despite [123I]IMT being theoretically a marker for cel-
lular proliferation, it may be limited in predicting his-
tological tumor grades. However, the results of several 
studies suggest that [123I]IMT SPECT can detect postopera-
tive tumor recurrence and identify residual tumor tissue 
[30–35]. Weber et al [35], for example, performed [123I]IMT 
SPECT imaging for 114 consecutive patients with newly 
diagnosed gliomas, including 71 patients who had under-
gone tumor resection 4–6 weeks before SPECT imaging and 
43 patients with unresectable tumors who all underwent 
conformal radiotherapy. In the former group, median 
survival was only 13 months in 52/71 patients with focal 
[123I]IMT uptake, while median survival was reached in 
patients without focal [123I]IMT uptake (19/71) (Figure 
30.2). In contrast, in the latter 43 patient group with unre-
sectable high-grade gliomas, [123I]IMT uptake did not cor-
relate with survival. Thus, [123I]IMT SPECT may be a viable 
alternative to more expensive [11C]MET PET, which requires 
on-site cyclotron facility to produce short-lived 11C.

FIG. 30.1. 201Tl SPECT images of tumor recurrence versus 
radiation necrosis. Inconclusive MRI scan (left) for tumor recur-
rence in the right temporal lobe (arrow), alongside a 201Tl-SPECT 
image (right) of local radiotracer uptake at the margins of the pri-
mary lesion (arrowhead). (Modifi ed and reproduced with permis-
sion from Gomez-Rio et al (201)Tl-SPECT in low-grade gliomas: 
diagnostic accuracy in differential diagnosis between tumour 
recurrence and radionecrosis. Eur J Nucl Med Mol Imaging 
31:1237–1243. Copyright © 2004 Springer-Verlag Gmbh, 
Heidelberg Germany. All rights reserved.)



PET Imaging
[18F]FDG (FDG) PET

The role of PET brain imaging in the evaluation of 
brain tumors is continuing to evolve and expand as new 
radiopharmaceuticals become available. Unfortunately, 
at the present time, the only compound approved by the 
Food and Drug Administration (FDA) is FDG. The role of 
FDG PET imaging is essentially as an adjunct technique in 

cases where CT and MRI are unable to establish a diagnosis 
or answer the clinical question that needs to be addressed. 
The areas where FDG-PET has been shown to be of value 
include tumor detection, defi ning tumor extent and 
degree of malignancy, post-treatment assessment of tumor 
response and identifi cation of tumor recurrence versus 
radiation necrosis [36].

Tumor Detection

Since the fi rst introduction of FDG PET imaging, it has 
been recognized that the technique is very sensitive for 
detecting high-grade gliomas (Figure 30.3) and less accurate 
for the identifi cation of lower grade lesions [6]. Additionally, 
certain extra-axial tumors such as pituitary tumors may 
show FDG avidity (Figure 30.4). Furthermore, in the detec-
tion of brain tumors, FDG-PET is somewhat hampered by 
the high uptake in cortical gray matter and somewhat con-
founded by uptake in areas of infl ammation and/or infec-
tion. It has recently been reported [37] that serial delayed 
scanning, post-FDG administration, can help to enhance 
visualization of some brain tumor since washout of the 
tumor is delayed relative to the surrounding brain paren-
chyma. In addition, it is helpful to delay scanning follow-up 
post-chemotherapy, 1–2 weeks, and post-radiation treat-
ment, 6–8 weeks, so as to reduce uptake from accompany-
ing infl ammation post-treatment.

Other radiopharmaceuticals, in particular labeled amino 
acids, are very useful and often complementary to the role 
of FDG imaging. The most commonly utilized PET labeled 
amino is [11C]methionine (MET) (see below). This com-
pound, which is incorporated into the tumor protein syn-
thesis pathway, has a much higher accuracy rate than FDG 
for detecting low-grade brain tumors. In addition, MET 

FIG. 30.2. In patients with anaplastic astrocytoma, examples 
of [123I]IMT SPECT studies with (A) and without (B) focal IMT 
uptake at resection site. (A) On left, MR image (T1-weighted 
after administration of gadolinium-DTPA) shows resection cavity 
(white arrow) and rim of contrast enhancement (black arrow). 
Resection cavity contains blood and is, therefore, hyperintense 
in T1-weighted image. On right, [123I]IMT SPECT image shows 
intense uptake of [123I]IMT at resection margin. This patient died 
6 months after SPECT study. (B) On left, MR image shows resec-
tion cavity (white arrow) and surrounding contrast enhancement 
(black arrow). However, on right, [123I]IMT SPECT image shows 
no clear focal IMT uptake. This patient was still alive after 38 
months of follow-up. (Reproduced with permission from Weber 
et al Correlation between postoperative 3-[(123)I]iodo-L-alpha-
methyltyrosine uptake and survival in patients with gliomas. 
J Nucl Med 42:1144–1150. Copyright © 2001, Society of 
Nuclear Medicine. All rights reserved.)

A

B

FIG. 30.3. Right para-thalamic astrocytoma in a 44-year-old 
man complaining of headaches. (A) Post-contrast T-1 axial MR 
reveals a focal enhancing lesion medial to the right thalamus. 
(B) Axial FDG-PET study at the same level reveals a correspond-
ing hypermetabolic lesion confi rming a malignant tumor (grade 
III astrocytoma).

A B
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does not demonstrate the same degree of confounding 
uptake in surrounding brain [38].

Staging the Degree of Malignancy

Since FDG crosses the intact BBB and becomes incorpo-
rated into the glycolytic pathway of neurons and tumor cells, 
where it becomes trapped at the level of phosphorylation, 
it has the unique ability to map regional metabolic brain 
activity. In addition, the degree of uptake in tumor cells has 
been shown to correlate directly with the degree of malig-
nancy noted on histopathology. Some investigators [39] have 
reported that the level of FDG uptake is a better measure of 
the malignancy potential of individual brain tumors, than 
actual histopathology. Specifi cally, patients with histologi-
cal low-grade brain tumors and markedly elevated glucose 
metabolism have a shorter survival time than patients with 
low-grade tumors and lower glucose metabolism [7]. The 
ability of FDG to assess tumor glucose metabolism is a very 
important aspect of brain tumor evaluation, particularly in 
the follow-up assessment of patients post-treatment.

Follow-up Assessment and Monitoring Treatment

There are a number of areas where PET imaging has 
proven to be useful in the follow-up assessment of brain 
tumors after initial assessment (Figures 30.5, 30.6 and 30.7). 
There are also a number of signifi cant drawbacks to the use 
of PET imaging, in particular FDG-PET, in the follow-up 
assessment of brain tumors.

The major issue issues to be answered following treat-
ment can generally be addressed using MRI. This tech-
nique is usually quite adequate for assessing the response 
to treatment by monitoring the reduction in tumor size, 
edema and lesion contrast enhancement. MRI may, how-
ever, be less useful, at times, for the determination of the 
degree of malignancy in a patient with a tumor recurrence 
and also for differentiating radiation necrosis from viable 
tumor residual or recurrence [2]. In such cases, PET imag-
ing and magnetic resonance spectroscopy (MRS) can be 
useful adjuvant imaging techniques.

First, caution should employed when using FDG-PET 
imaging in the follow-up of brain tumors after treatment 
with radiation as there is a signifi cant degree of infl amma-
tory response that can signifi cantly confound the uptake 
within the tumor, particularly when the study is performed 
too soon after the completion of radiation treatment. As 
a general rule, the fi rst FDG-PET study should not be per-
formed until a minimum of 8 weeks following treatment 
has elapsed. In addition, since FDG is very avidly taken up 
in the highly metabolic cortical gray matter, lower meta-
bolically active residual or recurrent lesions may be eas-
ily masked by surrounding normal brain activity. In spite 
of these drawbacks, FDG imaging can be very useful for 
detecting lesions that have transformed from low-grade 
histopathology lesions to higher-grade tumors with a result-
ant greater degree of malignancy and aggressiveness [36]. 

FIG. 30.4. Unsuspected pituitary tumor in an elderly male referred for a PET/CT study to assess progressive cognitive dysfunction. 
(A) Axial FDG-PET scan reveals a focal, hypermetabolic, midline lesion at the level of the temporal lobes. (B) Axial non-contrast CT scan 
reveals a soft tissue mass with bone erosion of the surrounding sella turcica. (C) Fused PET/CT images confi rming a pituitary tumor.

A B C

FIG. 30.5. Recurrent grade IV astrocytoma post-treatment in a 
41-year-old man, who is currently referred for evaluation of new 
onset seizures post-treatment (surgery and radiation). (A) Axial, 
(C) coronal and (D) sagittal plane FDG-PET reveals evidence of 
focal hypermetabolic lesions representing recurrent disease at the 
posterior and inferior surgical margins. (B) Axial MR revealing 
post-surgical changes along with probable tumor recurrence at 
the periphery of the surgical site.

A B



Such a determination is very important, as the follow-up 
treatment management of such a tumor would likely be 
changed signifi cantly. PET imaging is also useful for the 
differentiation of radiation necrosis versus viable tumor 
in cases where MRI is unable to make the distinction [40]. 
Unfortunately, FDG-PET may be misleading in these cases 
because of concomitant post-radiation changes that could 
result in an equivocal or even false positive interpretation. 
At present, there is not very much literature to support the 
concept of using labeled amino acids for the differentia-
tion of radiation necrosis versus viable tumor. On the other 
hand, MRS is a technique that is useful for detecting viable 
tumor and distinguishing tumor from areas of radiation 
necrosis [41].

[11C]MET and [18F]FLT
[11C]methyl-methionine ([11C]MET) is one of several 

amino acid analogues that have been developed as tumor 
imaging agents [42]. [11C]MET uptake in tumors generally 
refl ects the protein synthesis rate because [11C]MET, like 
other amino acids, is transported via amino acid transport 

across the cell membrane and is incorporated into 
proteins. However, [11C]MET also seems to be incorpo-
rated into phospholipids through the S-adenylmethionine 
pathway [43]. Other radiolabeled amino acids that have 
been developed include [11C]tyrosine, [18F]fl uoro-tyrosine 
and O-(2-[18F]-fl uoroethyl)-L-tyrosine. For tumor detec-
tion and tumor delineation, these tracers have the advan-
tage of their low uptake in normal brain as compared 
with [18F]FDG. Disadvantages of [11C]MET are its uptake 
in acutely ischemic and infl ammatory brain tissue [44], its 
short half-life of 20 minutes and the need for an on-site 
cyclotron facility, although the [18F] versions of [11C]MET 
may overcome the latter disadvantages. [11C]MET, for 
example, performs better in defi ning the extent of tumor 
involvement and recurrence of brain tumors (Figure 
30.8) including low-grade gliomas than does [18F]FDG. 
Amino-acid tracers, such as [11C]MET, thus appear to play 
a complementary role to [18F]FDG [34,45–50]. In addition, 
[11C]MET may be useful for monitoring chemotherapy 
in gliomas (Figure 30.9) [51,52]. Because of the current 
efforts to develop effective treatments for gliomas, [11C]MET 

FIG. 30.6. Recurrent cerebellar tumor in a 52-year-old man who is post-treatment (surgery and radiation) for an astrocytoma 
grade III involving the left cerebellum hemisphere. (A) Axial MR, at the level of the cerebellum, reveals post-surgical changes and 
a non-enhancing focus involving the lateral aspect of the left cerebellum. (B) Axial FDG-PET, at the comparable level, reveals diffuse 
hypometabolism of the left cerebellar hemisphere secondary to prior radiation treatment to this region and a hypermetabolic focus cor-
responding to the lesion seen on MR that is consistent with recurrent tumor.

A B

FIG. 30.7. PET/CT postoperative assess-
ment of a grade III/IV right parietal tempo-
ral asrtocytoma. (A) Axial non-contrast CT, 
(B) FDG-PET and (C) fused FDGPET/CT 
scan reveals postoperative changes with 
no evidence of tumor recurrence.

A B C
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FIG. 30.8. Growth of glioblastoma. [11C]methyl- 
methionine ([11C]MET) PET brain images of a 
patient with glioblastoma at day 0 (top row) and 
day 141 (middle row) and [18F]FDG images of the 
brain of same patient at day 140. Due to lower 
background brain activity, the delineation of tumor 
extent and visualization of new tumor growth 
is much better for ([11C]MET than for [18F]FDG. 
(Reproduced with permission from Karl Herholtz, 
MD, University of Cologne, Germany. All rights 
reserved.)

FIG. 30.9. [11C]methyl-methionine ([11C] MET) 
PET in monitoring chemotherapy. Patient with 
oligoastrocytoma (WHO grade III) was treated 
with 6 cycles of temozolomide (TMZ). Reduced 
[11C]MET uptake in the left temporal lobe tumor 
as a metabolic response to TMZ chemotherapy is 
evident after third TMZ cycle (middle and bottom 
rows). (Modifi ed and reproduced with permis-
sion from Galldiks et al Use of (11)C-methionine 
PET to monitor the effects of temozolomide 
chemotherapy in malignant gliomas. Eur J Nucl 
Med Mol Imaging. Feb 1;:1–9 [Epub ahead of 
print]. Copyright © 2006 Springer-Verlag Gmbh, 
Heidelberg Germany. All rights reserved.)



and other amino acid tracers are expected to play an 
important role for the evaluation of treatment response in 
experimental protocols designed to improve the patients’ 
prognosis.

Another index of tumor cellular proliferation that can 
be non-invasively assessed by PET is the incorporation of 
nucleosides into DNA in proliferating cells. Radiolabeled 
thymidine ([3H]TdR) is the gold standard for determina-
tion of cell proliferation in cell culture and, to date, 11C- and 
18F-labeled thymidine compounds have been developed 
to allow a non-invasive assessment of tumor prolifera-
tion, as well as early response to chemotherapy by PET. 
A recently developed thymidine analogue, 3’-deoxy-3’-
[18F]fl uorothymidine ([18F]FLT), has been shown to be a 
very promising tracer for in vivo imaging of cellular prolifer-
ation [53]. [18F]FLT uptake refl ects the activity of thymidine 
kinase-1 (TK1), an enzyme expressed during the DNA syn-
thesis phase of the cell cycle [54]. Signifi cant correlations of 
quantitative [18F]FLT uptake with the immunohistochem-
istry marker of cell proliferation Ki-67 have been shown in 
several extracranial tumors [55–58]. For the evaluation of 

gliomas, relative [18F]FLT uptake within gliomas is greater 
than relative [18F]FDG uptake (Figure 30.10) or [11C]MET 
uptake and [18F]FLT uptake seems to correlate more 
strongly with Ki-67 index than does [18F]FDG [11,53,59–62]. 
Thus, [18F]FLT PET is expected to be an improved alterna-
tive or complementary tool to [18F]FDG and [11C]MET PET 
in evaluating brain tumors, particularly chemotherapeutic 
tumor response.

CONCLUSIONS
SPECT and PET imaging of brain tumors provides 

information that cannot be obtained by other imaging 
modalities such as CT, MRI and MRS. These functional 
brain tumor imaging techniques are evolving with the con-
tinuing development of new radiopharmaceuticals that 
ultimately aim to be a biomarker of the tumor histologi-
cal grade and hence a diagnostic or prognostic marker, as 
well as a biomarker of postoperative tumor recurrence or a 
marker that can distinguish between tumor recurrence and 
radiation necrosis.
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INTRODUCTION
The purpose of emission tomography is to estimate 

the distribution of a radiotracer, in this context a tracer of 
tumor activity or blood distribution, from external meas-
urements of the pattern of photons emerging from the 
brain. Some of these photons are detected, and certain 
information about them recorded, by the scanner. These 
external measurements are termed ‘projections’ and each 
measurement in a projection represents, ideally, the sum of 
radioactivity concentration along a line through the brain. 
From these measured projection datasets and knowledge of 
certain aspects of the SPECT or PET instrument, estimated 
images of the distribution of radioactivity are mathemati-
cally reconstructed. All modern SPECT and PET scanners 
image the three-dimensional (3D) distribution of radioac-
tivity, either as a stack of two-dimensional (2D) transaxial 
images or directly as a 3D volume.

Image reconstruction techniques fall into two cat-
egories: analytic and iterative. Reconstruction by analytic 
methods is rapid and straightforward, as it involves solution 
of the inverse reconstruction problem (i.e. determining the 
original distribution from knowledge of its projections) by 
an algorithm. The underlying mathematics were published 
in 1917 by Radon [1]. Iterative reconstruction consists of 
a repeated updating of an initial image estimate (often 
obtained by analytic reconstruction) based on comparison 
of calculated projections of the current image estimate to 
the measured projections. Many iterative approaches have 
been developed; they differ in the criterion to be mini-
mized and the algorithm for updating the image estimates, 
as well as in the statistical and physical models they incor-
porate. This approach has the potential to be more accu-
rate, because it can incorporate more information about 
the physics of the imaging process, and have better noise 
properties, as it uses a more realistic statistical model. 

Iterative reconstruction has been, until recently, used only 
in research applications because of the long reconstruc-
tion times. These times have been reduced signifi cantly 
because of improvements in computer processing speed 
and advances in effi ciency of the reconstruction algorithms, 
and iterative algorithms are now coming into clinical use.

Brain SPECT or PET images are interpreted by visual 
inspection by a physician or analyzed for measurements of 
physical quantities, such as activity concentration, size of 
tumor, or parameters of dynamic acquisitions.

SPECT IMAGING

Introduction to SPECT Physics
SPECT imaging is based on detection of gamma radia-

tion from radioisotopes that emit one photon of a particu-
lar energy per nuclear decay, characterized by a particular 
half-life. (Some radioisotopes used in SPECT emit signifi -
cant numbers of photons at each of several energies.) For 
optimal imaging, photon energy should be in the hundred-
keV range; the energy must be high enough that signifi -
cant numbers of photons escape the body, even from deep 
structures, but not so high that they have little probability 
of being stopped by the detector (see Anger camera below). 
The energy (140 keV) of the photon emitted by the most 
commonly used SPECT radioisotope, 99mTc, is ideal. The 
injected tracer amounts are limited by dosimetry consid-
erations because, in contrast to x-ray imaging, the radioac-
tivity remains in the patient for an extended period of time, 
in declining concentrations as it is excreted and decays. 
Therefore, the emission rate is low and imaging normally 
takes a long time (20–30 minutes for SPECT versus a few 
seconds for x-ray CT). Furthermore, the statistical quality 
of emission CT images is low, because they are formed with 
relatively few photons.
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Positron Emission Tomography (PET) 
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SPECT Instrumentation
Anger Camera

The most commonly used SPECT instrument is the 
Anger camera [2] (Figure 31.1). A photon which traverses 
a collimator hole strikes a scintillating crystal, most com-
monly made of sodium iodide (NaI). This material provides 
good detection effi ciency and relatively good energy resolu-
tion (9% FWHM at 140 keV) at reasonable cost. Each photon 
is converted in the crystal to many lower-energy photons 
in the visible light range. These, in turn, are detected by an 
array, usually hexagonal, of photomultiplier tubes, which 
convert the light photons to electrical current. Each scin-
tillation in the crystal generates a signal in several photo-
multiplier tubes; those closest to the interaction will receive 
the greatest amount of light. Positioning electronics yield 
an estimate of the location of the interaction based on the 
relative signal from each tube. The energy of each detected 
photon is also estimated by a pulse height analyzer.

Collimator
A collimator is a device used to restrict the photon accept-
ance angle in order to provide positional information for 
detected photons. A SPECT collimator is a thick sheet 
of metal of high atomic number, usually lead or tung-
sten, pierced by an array of holes. In theory, only pho-
tons which traverse these holes without striking the septa 
between them can be detected. In practice, some pho-
tons penetrate the septa and are detected, degrading 
the resolution and contrast of the reconstructed image. 
This is more likely for isotopes which emit higher energy 
photons, such as 111In, frequently used for tumor imaging 
[3], with primary gamma-ray emissions at 171 and 245 keV.

In parallel-hole collimators (Figure 31.2), all holes are par-
allel to one another and perpendicular to the detector face. 
The fundamental design parameter for such a collimator 
is the hole size; smaller holes provide better information on 
the location of the emission and, consequently, better spa-
tial resolution, but accept fewer photons, thereby increas-
ing noise. Sensitivity is a crucial consideration for SPECT 
imaging, as the fraction of photons striking a collimator 
which traverse it without being absorbed is on the order 
of 1/1000. In an effort to increase sensitivity, a number of 
focusing collimator designs have been proposed [4–11]; 
fan-beam collimators focus only in the transaxial (within-
plane) direction, while cone-beam collimators focus in 
both transaxial and axial directions. A recent design by 
Park et al [12], for example, which consists of a very highly 
focused cone-beam collimator paired with a long-focal-
length fan-beam collimator, is expected to yield sensitiv-
ity greater than that of dual-parallel beam collimators by a 
factor of 14 at the center of the brain and an average fac-
tor of 10 throughout the brain. Focusing collimators lead to 
improved spatial resolution, as well as improved sensitivity, 
due to magnifi cation (see Figure 31.2).

SPECT Image Reconstruction and Correction
The major physical effects which cause the image 

measurements to deviate from their assumed line projec-
tions are limited spatial resolution, photon attenuation 
and photon scatter. Spatial resolution is determined by 
characteristics of the collimator and of the crystal. Because 
each collimator hole accepts photons originating within an 
extended volume rather than along a line, the pattern of 
photons striking the detector is a blurred version of the true 
projection through the radioactivity distribution. This blur-
ring increases with distance from the collimator, leading to 
variable spatial resolution within the reconstructed image. 
Further blurring takes place within the crystal. Because the 
intrinsic resolution of the crystal and the geometry of the 
collimators are well characterized, it is, in theory, possible to 
mathematically remove the blurring from the projections. 
This can be accomplished prior to analytical reconstruction 
by inverse fi ltering, or within an iterative reconstruction 

FIG. 31.1. Diagram of Anger camera. Courtesy of Dr Mi-Ae Park.
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FIG. 31.2. Diagrams of parallel-hole (left) and cone-beam 
(right) collimators. Courtesy of Dr Mi-Ae Park.
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algorithm by incorporating the resolution characteristics 
into the system model. In practice, because the measured 
projections are noisy versions of the true projections, reso-
lution recovery is accompanied by amplifi cation of image 
noise, no matter how it is implemented. The desirability 
of compensating for limited spatial resolution depends on 
the purpose for which the image is to be used. For example, 
resolution recovery leads to more accurate but less precise 
estimates of activity concentration within a tumor.

Some emitted photons do not escape the brain, but 
undergo interactions with the tissue (Figure 31.3). The like-
lihood of an emitted photon escaping the brain depends 
on the location of the emission and the density and atomic 
number of the anatomical structures along the photon 
path. The probability of an emitted photon being lost to 
attenuation is greatest for photons originating near the 
center of the brain, because these photons must traverse 
the greatest amount of tissue (averaged over all projec-
tion angles) in order to escape the brain and be detected. 
The effects of attenuation on reconstructed images are a 
negative bias in reconstructed activity concentration and 
an increase in image noise; both of these are greatest at 
the center of the brain. Several exact analytical correction 
methods [13–16] have been proposed; however, the most 
widely used remains the approximate technique of Chang 
[17]. These methods do not take into account the hetero-
geneous density of brain structures, most importantly the 
higher density of the skull. Attenuation correction can also 
be incorporated into an iterative reconstruction algorithm, 
either assuming that the brain is a uniform attenuator or 
incorporating patient-specifi c attenuation maps derived 
either by adding transmission capability to the SPECT 
instrument [18,19] or from CT images [20]. It should be 
noted that, although correction methods compensate for 
the negative bias due to attenuation, thereby improving 
the accuracy of the reconstructed voxel values, they do not 
affect the increase in image noise [21].

Although patient-specifi c attenuation maps are crucial 
for accurate attenuation correction in whole-body imaging, 

they are less important for brain SPECT because of the 
smaller attenuating volume and more homogeneous den-
sity. The value of non-uniform attenuation correction in the 
brain depends on the imaging task; for example, Rajeevan 
et al [22] reported that non-uniform attenuation correction 
yielded more accurate estimates of absolute activity con-
centration within brain regions of interest (ROI) than did 
uniform attenuation correction, while the accuracy of ROI-
to-background ratio estimates was not improved.

Attenuated photons are either fully absorbed by patient 
tissue in a photoelectric event, or partially absorbed, with 
the residual energy carried off as a lower-energy photon in 
a different direction (Compton scatter) (see Figure 31.3). 
Those scattered photons which retain enough energy to 
be accepted within the energy window may be detected; 
because the emission event is assumed to have occurred 
along the path of the scattered photon, rather than along 
the path of the original photon, scattered photons con-
tribute to the reconstructed image at the wrong location. 
The effects of detection of scattered photons on the recon-
structed image are reduced contrast and a positive bias in 
reconstructed voxel values. The acceptance of scattered 
photons is controlled by the energy window settings; nar-
row energy windows reduce the amount of scatter in the 
dataset. Because the energy resolution of the detectors is 
not perfect, however, narrow energy windows also lead 
to rejection of some primary photons. There are two basic 
approaches to scatter compensation. The fi rst approach 
estimates the amount of scatter at each point in the pro-
jection dataset, so that it can be subtracted from the pro-
jections, and the second incorporates scatter modeling 
into the reconstruction algorithm. The fi rst approach, sub-
tracting an estimate of the scatter from the projections, 
leads to a more accurate image but increases noise, because 
fewer photons contribute to the image. A number of meth-
ods based on this approach, and differing in the method 
used to estimate the contribution of scatter, have been 
proposed; the most commonly used are the dual-energy-
window method of Jaszczak [23] and the triple-energy-
window method of Ogawa [24]. Several multiple-energy-
window methods have also been proposed [25–28]; this 
more complex approach can, for brain imaging, lead to per-
formance in estimation tasks approaching that of perfect 
scatter-rejection [25]. Few SPECT instruments, however, 
have the capability to collect photons in multiple energy 
windows. The second approach, incorporating scatter mod-
eling into the reconstruction algorithm, essentially uses the 
scattered photons by restoring them to their correct loca-
tion, rather than removing them. This approach should, 
in theory, lead to more accurate images without increas-
ing noise as much as the scatter-rejection techniques. The 
major disadvantage of this approach is that accurate mod-
eling of scatter is computationally demanding. A compre-
hensive review of scatter correction techniques is given by 
Zaidi and Koral [29].

FIG. 31.3. Illustration of types of events in SPECT (left) and PET 
(right) scanners. Courtesy of Dr Georges El Fakhri.
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PET IMAGING

Introduction to PET Physics
PET radioisotopes have unstable nuclei in which a pro-

ton decays to a neutron, emitting a positron, the antipar-
ticle of the electron, with the same rest mass (511 keV) but 
opposite charge, and a neutrino, a chargeless and (almost) 
massless particle which does not interact with matter 
(Figure 31.4). The positron travels some distance through 
tissue depending on its initial kinetic energy, before inter-
acting with an electron; this annihilation yields two 511 keV 
photons traveling in (nearly) opposite directions. The posi-
tron range in tissue, on the order of a few milli-meters, 
places a fundamental limit on the spatial resolution of 
PET imaging. Although the annihilation photon energy 
is much higher than optimal for imaging purposes, the 
potential for coincidence imaging more than compensates 
for this shortcoming. When two photons are detected in 
opposed detectors within the coincidence timing window, 
a ‘true’ coincidence event is recorded, and the annihilation 
is assumed to have occurred somewhere along the line of 
response (LOR) connecting the two detectors (see Figure 
31.3). This electronic collimation has advantages over 
the physical collimation which is necessary for SPECT. The 
absence of the physical collimator, which absorbs a large 
fraction of the incident photons, is the major reason for 
the higher (by one or two orders of magnitude) sensitivity 
of PET compared to SPECT.

Some annihilation events do not generate a coinci-
dence event, because only one of the photons strikes a 
detector; the ‘singles’ count rate is the total of all detected 
counts. There are also some erroneous coincidences, 
termed ‘randoms,’ which occur when single photons from 
each of two annihilations are detected in coincidence 

(see Figure 31.3). Although in whole-body PET imaging the 
randoms rate sometimes exceeds the true coincidence rate, 
in brain imaging the randoms rate seldom exceeds 25% of 
the true rate. The randoms rate can be minimized by using 
fast scintillators and fast detector electronics.

Annihilation photons may undergo Compton scatter, 
just as single photons may, and strike a detector in coinci-
dence with the other photon in the pair (see Figure 31.3). 
If the energy of the scattered photon falls within the detec-
tor energy window, then a spurious true coincidence will be 
recorded. This yields inaccurate positioning, analogous to 
inaccurate positioning due to detection of scattered radia-
tion in SPECT. Furthermore, some positron emitters gen-
erate additional gamma rays, which can also result in false 
coincidences.

PET Instrumentation
Detector Materials

The choice of radiation detectors for PET instruments 
requires tradeoffs among several detector characteristics, 
including physical density, atomic number, scintillation 
speed and light output. The stopping power is determined 
by physical density and effective atomic number; high 
stopping power is desirable, as it leads to increased sen-
sitivity. Atomic number also determines the ratio of pho-
toelectric events to Compton scattering events; because 
photoelectric events are preferred for imaging, high atomic 
number is desirable. Faster crystals make possible narrower 
coincidence timing windows and, therefore, fewer random 
coincidences.

The original PET instruments used thallium-doped 
sodium iodide (NaI(Tl)), but modern PET scanners use 
other crystals with higher stopping power, such as bismuth 
germinate (BGO), cerium-doped lutetium oxyorthosilicate 
(LSO) and gadolinium oxyorthosilicate (GSO). LSO and GSO 
are faster than the other materials and GSO has the best 
energy resolution, making possible better scatter rejection.

Detector Confi gurations
Most modern PET scanners use multiple rings of detec-

tors, with each detector in coincidence with a number of 
detectors on the opposite side of the ring (and, in some 
cases, with detectors in other rings; see below). A variant of 
the ring confi guration is a polygonal array, in which each 
detector is in coincidence with detectors on the opposing 
face. Less expensive options include partial rings, which 
require rotation of the detector array for acquisition of a 
complete set of data, and single-crystal detectors, simi-
lar to those in SPECT systems, but with the capability for 
coincidence imaging [30]. One such system, the PENNPET, 
consists of a hexagonal array of large-area detectors; it has 
been designed for brain imaging and is in use at a number 
of centers.
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FIG. 31.4. Illustration of positron emission and decay. Courtesy 
of Dr Georges El Fakhri.
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The spatial resolution of a typical PET scanner is deter-
mined by the size of the individual crystals. Block detectors 
were recently introduced to avoid the cost of more, smaller 
crystals and their associated individual PMT and electronics 
[31]. A block detector consists of a large crystal that is divided 
into an array of subelements by partial cuts, normal to the 
face, that are fi lled with refl ective material. Modern systems 
using rings of block detectors can have up to 20 000 detector 
elements. This design improves spatial resolution, but at the 
cost of some loss of sensitivity due to the reduction in active 
crystal surface. Another recent innovation, used in several 
commercial systems, is the pixelated detector matrix, which 
consists of a set of small crystals coupled to a single light 
guide, viewed by an array of photomultiplier tubes.

The original PET scanners used septa between slices to 
defi ne image planes, preventing cross-slice coincidences 
(2D PET). This confi guration leads to the most accurate 
imaging, because it minimizes random coincidences and 
detection of scattered photons; it also, however, reduces 
sensitivity. In some systems, coincidences between adja-
cent slices are also acquired. In 3D PET, septa are not used; 
coincidences are accepted from the entire fi eld of view, 
leading to greatly increased sensitivity compared to 2D. 
There is signifi cant axial variation in sensitivity, with the 
highest sensitivity at the center and lowest sensitivity at the 
most extreme axial positions. The disadvantages of the 3D 
geometry, increased scatter and randoms, are less signifi -
cant for brain than for whole-body PET.

PET Image Reconstruction and Correction
Before PET data can be reconstructed, they must be 

corrected for several physical effects. Corrections for dead 
time, a count-rate dependent phenomenon by which the 
detector is paralyzed and stops recording counts, and for 
varying sensitivity among detectors, are relatively straight-
forward for brain imaging. A certain number of detected 
coincidences are random, i.e. single photons from each of 

two different annihilations are detected in coincidence (see 
Figure 31.3). The most commonly used approach to correc-
tion for randoms is to subtract from the coincidence data 
for each LOR an estimate of the number of random coinci-
dences, obtained by using a delayed timing window [32].

Attenuation correction of PET data is simpler than cor-
rection of SPECT data because, in contrast to SPECT, the 
probability of detection is uniform everywhere along an 
LOR. The correction factor depends only on the total thick-
ness and density of tissue along the LOR. All that is neces-
sary, then, for attenuation correction in PET is an estimate 
of the total attenuation along the LOR. Patient-specifi c 
measurements can be obtained by a transmission scan, 
using either an external radioisotope source or an x-ray 
tube mounted on the PET scanner or, more recently, an 
integrated PET/CT system.

Detection of scattered photons emerging from the 
patient that retain enough energy to be accepted by the 
detection system causes the coincidence event to be assigned 
to the wrong LOR; as in SPECT, this leads to reduced con-
trast and a positive bias in reconstructed voxel activity con-
centration values. The fi rst line of defense against scattered 
radiation is discrimination on the basis of energy; this is not 
very effective in PET, because of the relatively poor energy 
resolution of PET detector materials. The simplest approach 
to scatter correction is to estimate the amount of scatter at 
each point in the measured projection data and mathemati-
cally remove it from the projection dataset. The estimates of 
scatter can be based on the measurements outside the pro-
jection of the body contour (presumably consisting only of 
scatter) [33] or on data acquisition in two [34], three [35], or 
many [36] energy windows. A more accurate, but much more 
complex, approach is to use Monte Carlo simulations to 
determine scatter estimates [37,38]. Finally, scatter modeling 
can be incorporated into an iterative reconstruction algo-
rithm [39–42]. A review of scatter correction for brain PET 
imaging is given by Zaidi [43].
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INTRODUCTION
The Food and Drug Administration has approved human 

imaging up to 8.0 Tesla (T). Currently, imaging up to 4.0 T is 
available for clinical practice, whereas higher fi eld imaging 
up to 8.0 T is only available on research systems. Ultra-high 
fi eld (UHF) magnetic resonance imaging (MRI) gener-
ally refers to imaging at fi eld strengths of 7 T or more. This 
chapter reviews the current experience with the imaging 
of brain tumors at ultra-high fi eld strengths and potential 
clinical applications currently in transitional research.

Imaging of brain tumors attempts to defi ne the tumor’s 
anatomic location, its extent, the neurologic function that 
may be affected and intrinsic characteristics which may 
predict tumor behavior. Magnetic resonance imaging at 
higher fi eld strengths has the potential to improve all of 
these goals. The higher signal-to-noise ratio (SNR) obtained 
at higher fi eld strengths allows greater spatial resolution. 
Greater spatial resolution can provide a detailed assessment 
of the relationship of the tumor to adjacent structures such 
as gray matter, suabarachnoid space or vascular structures. 
Although higher fi eld strength has resulted in greater spatial 
resolution, the visualized extent of brain tumors imaged at 
8 T and 1.5 T has not differed. Finally, because greater sus-
ceptibility effects occur at higher fi eld strengths, elements 
present within the tumor bed with greater magnetic sus-
ceptibility are expected to contrast against the tumor back-
ground. Such components may include foci of hemorrhage, 
iron-containing structures or components labeled with 
susceptibility based contrast agents, and vessels containing 
deoxyhemoglobin. Technical and clinical challenges exist 
which need to be overcome in order to attain the full poten-
tial of brain tumor imaging at ultra-high fi eld strengths.

SPATIAL RESOLUTION
Higher SNR is the major advantage with ultra-high fi eld 

MRI. Images comparing 8 T and 1.5 T images are shown 
in Figure 32.1. SNR was computed as the ratio of these 
signals and the noise in an air fi lled region outside the head. 

CNR is the signal difference divided by the noise. These 
measurements and histogram analysis showed that there is 
more than a factor of 2 signal variation due to radiofrequency 
(RF) inhomogeneity (see below) across the 8 T image, thus 
8 T signal measurements are only approximate. For some 
regions, up to a 15-fold SNR improvement is achieved with 
8 T. Note in Figure 32.2 that with similar pulse sequences, 
differences in SNR are clearly visualized. However, practical 
limitations, most notably RF inhomogeneity, susceptibility 
artifacts, the tissue relaxation times and suboptimal pulse 
sequences still hamper ultra-high fi eld MRI. The RF coils 
used for ultra-high fi eld (�7 T) are transverse electromag-
netic (TEM) resonators [1–3]. At this fi eld strength, these 
volume coils are unfortunately quite inhomogeneous in 
terms of the B1 fi elds, not only for the volume, but for vari-
ous locations on the same image. These coils tend to dem-
onstrate the best image quality (highest SNR) within the 
central portion of the brain.

Although increased spatial resolution is possible at 
lower fi eld strengths with surface coil imaging and smaller 
fi eld of view, the signal is limited by radiofrequency pen-
etration. The higher SNR possible at higher fi eld strengths 
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FIG. 32.1. Calculation of signal-to-noise ratio (SNR) and con-
trast-to-noise ratio (CNR) in a normal subject imaged at 8 T.
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FIG. 32.3. 8 T MRI in a patient with a low-grade oligodendroglioma. (A) 8 T GE, (B) RARE and (C) 1.5 T T1W gadolinium images 
of a WHO grade II oligodendroglioma. Note the ability to resolve fi ne septations within the tumor on the RARE image. Even though 
cortical penetrating veins are visualized within the tumor bed (arrows), no foci of irregular vessels suggestive of neovascularity were 
resolved within the tumor bed of 8 T GE imaging.
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FIG. 32.2. Improved signal-to-noise ratio at 8 T versus 1.5 T. 
The 4–5 fold signal to noise advantage of 8 T is clearly demon-
strated when comparing gradient echo MR images using similar 
parameters acquired at 1.5 T (A) and 8 T (B) in a subject with 
anaplastic astrocytoma.

A B

allows for deeper radiofrequency penetration. Imaging at 
lower fi eld strengths using surface coils and small fi eld of 
view has resulted in improved SNR derived from the sur-
face of the brain [4]. Such techniques have been applied 
toward the detections of cortical dysplasia in the setting of 
childhood epilepsy [5] and smaller voxel size for MR spec-
troscopy along the surface of the brain, but not the deeper 
structures. UHFMRI allows for greater SNR through both 
superfi cial and deeper structures of the brain. This has 
allowed for imaging with larger matrix size.

Comparison of 1.5 T and 8.0 T images derived from 
patients with brain tumors has not been shown to demon-
strate greater tumor extent based on signal changes asso-
ciated with tumor infi ltration. However, the relationship 

of involved tumor to adjacent anatomic structures is more 
clearly depicted with higher resolution imaging. In addition, 
areas of questionable infi ltration at lower fi eld strengths are 
more clearly depicted with higher fi eld strength imaging. 
Higher resolution images allow for a more detailed charac-
terization of tumoral architecture and relationship to adja-
cent anatomic structures (Figure 32.3). Septations within 
the tumor bed stand out more readily when present. Using 
a 9.4 Tesla MRI unit, Fatterpekar et al were able to demon-
strate lamination of the cerebral cortex within fi xed speci-
mens using acquisition times which lasted albeit 14 hours [6]. 
Although such image acquisitions are unrealistic in a clini-
cal setting, the imaging is useful in the understanding of 
expected signal intensity profi les from the human cortex. 
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High resolution image acquisitions acquired in vivo have 
been obtained at matrix sizes as large as 2048 � 2048 [7]. In 
our experience, in vivo imaging of the cortex of the human 
brain often displays a laminar appearance on gradient echo 
UHF MRI using a 1024 � 1024 matrix size in which the mid-
dle layers have slightly lower signal intensity relative to the 
cortex. This can be explained by the higher concentration of 
normal microvascular structures in the middle layers of the 
cortex. It is suspected that higher resolution imaging will 
lead to the observation of fi ndings that would otherwise 
not be resolved and allow the depiction of smaller normal 
anatomic structures and the person interpreting the exami-
nation better to localize an abnormality. Thus, imaging at 
ultra-high fi eld strengths has the potential for image inter-
pretation with greater sophistication than possible at lower 
fi eld strengths.

MAGNETIC SUSCEPTIBILITY
Magnetic susceptibility is the magnetic response of a 

substance to a magnetic fi eld and can result in local mag-
netic fi eld inhomogeneities and signal loss. These effects are 

proportional to fi eld strength and the differences in suscep-
tibility of two regions. Magnetic susceptibility increases with 
fi eld strength. It can result from macroscopic effects such as 
the interface between substances (i.e. around air cavities 
or at the interface between bone and soft tissues) or it can 
result from microscopic effects such as paramagnetic mate-
rials (i.e. unpaired electrons in blood products) or ferromag-
netic materials (i.e. iron). The effects can vary depending 
on the size, shape and direction of the object relative to the 
external fi eld. Magnetic susceptibility can result in the abil-
ity to visualize microscopic structures with susceptibility 
effects. Because gradient echo images do not have a refo-
cusing pulse, they are especially sensitive to effects from 
magnetic susceptibility. Such structures include microhem-
orrhage, deposition of paramagnetic substances within the 
tissues, or deoxyhemoglobin within blood vessels

The most unique results with brain tumor imaging thus 
far have been found using high-resolution (�200 µm) proton 
density/T2*-weighted gradient echo axial images. On these 
images, hundreds of small linear low signal regions corre-
spond to the microvasculature of the brain (Figures 32.4–32.6). 

FIG. 32.4. Histopathologic correlation to high resolution 8 T gradient echo (GE) MRI. Glioblastoma was imaged within an intact 
fresh cadaver using 8 T GE MRI using a 1024 � 1024 matrix giving an in-plane resolution of 196 µm. Directed specimens were 
obtained at autopsy. Areas of serpiginous signal voids seen on 8 T MRI (in this case probably related to deoxy- or methemoglobin in 
vessels) corresponded to areas of enlarged microvessels and increased microvascular density on hematoxylin and eosin stains. Areas 
of the tumor with smaller microvessels and low microvascular density had few signal voids on 8 T MRI.
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As mentioned earlier, the image demonstrates a susceptibil-
ity based signal void for cerebral vasculature with visualiza-
tion of the cortical penetrating vessels, transcallosal veins 
and transmedullary veins. The expected diameter of some of 
these vessels is less than 100 µm (8). This susceptibility-based 
image contrast is attributed to the presence of deoxyhemo-
globin, primarily within the venous structures, and results in a 
blood oxygen level dependent (BOLD) contrast. T2* in venous 
blood is very short. The vessels are seen at low signal regions. 
Because of their sensitivity to subtle local fi eld variations, gra-
dient echo imaging is most suitable for this purpose. Similar 
BOLD contrast images have been acquired at lower magnetic 
fi eld strength [3,9,10]. Susceptibility effect from small lesions 
containing paramagnetic substances may become more con-
spicuous using high-resolution UHFMRI (Figure 32.7).

Tumor growth is believed to depend on angiogen-
esis. Folkman proposed that without angiogenesis, tumor 
growth is limited to several millimeters in thickness [11]. 
Furthermore, tumor cells are believed to induce angio-
genesis by secreting a number of growth factors (angio-
genesis factors), which stimulate endothelial cells [11–14]. 
Glioblastoma has been shown to be one of the most vascu-
larized tumors for humans [15]. One therapeutic strategy 
for patients with brain tumors involves the development 
of agents that modulate angiogenesis [11,14,15]. Validation 
of techniques which monitor angiogenesis is key to the 
development of such strategies. It therefore follows that 
the imaging identifi cation of angiogenic vessels may serve 
as a marker for response to antiangiogenesis treatment. 
Histopathologic methods grading angiogenesis have been 

FIG. 32.5. Microvascularity within a glioblastoma. Gradient echo (GE) 8 T MRI with a 1024 � 1024 matrix and in-plane resolu-
tion of 196 µm (A and C) are compared to fast spine echo (FSE) T2 images with a 512 � 512 matrix (B and D) in a patient with 
glioblastoma. Images were cropped to demonstrate microvascular structures. Arrowheads (A and B) demonstrate arterial structures 
within the sylvian fi ssure (identifi ed in both exams), the smaller venous structures draining the tumor (arrows) are only observed on the 
8 T images (arrowheads). Signal loss adjacent to a focus of distorted microvasculature (C, arrowheads) is thought to represent microv-
asculature beyond the resolution of this scan (VOG � vein of Galen; 3V � third ventricle, CS � centrum semiovale).
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B
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FIG. 32.6. Microvascularity within a high-grade pleomorphic xanthoastrocytoma. 8 T gradient echo (GE) (A), 8 T RARE (B), 1.5 T 
T1 with gadolinium (C) and 1.5 T FSE T2 (D) of a high grade pleomorphic xantoastrocytoma. Note the identifi cation of foci of microv-
ascularity within the tumor bed (circle). Venous structures such as the basal vein of Rosenthal (BVR) appear substantially larger relative 
to arterial structures such as the middle cerebral artery (MCA) of equivalent size on the GE images relative to the 8 T RARE and the 
1.5 T images due to susceptibility. Finally, 8 T images display detail within anatomic structures such as the choroid plexus (Chor) better 
than 1.5 T images.

FIG. 32.7. Identifi cation of metastases on high resolution 8 T 
gradient echo imaging. Comparison of high resolution 8 T gradi-
ent echo MRI (A) to post-gadolinium 1.5 T 3D FSPGR (B) images 
in a patient with metastases along the occipital lobes and sple-
nium of the corpus callosum. Note the difference in the conspicu-
ity of the metastatic foci (arrows) between the two studies. Some 
of the metastases identifi ed on the 1.5 T SPGR image are not 
seen on the 8 T image. This is likely related to a combination of 
the higher signal-to-noise ratio attained at 8 T imaging and sus-
ceptibility effects resulting from the metastatic foci.

B



based on the number of vessels, degree of glomeruloid vas-
cular structure formation and endothelial cytology [15]. 
More recently, microvascular density (MVD) counting using 
panendothelial staining techniques (i.e. factor VIII, CD34) 
have been used to quantify angiogenesis and have been 
found to act as independent prognosticators [16–18]. It 
should therefore follow that an imaging assessment of vas-
cular density within a tumor bed may act as an indicator for 
tumoral angiogenesis.

High fi eld magnetic resonance imaging at 8 Tesla using 
1024�1024 matrix size has been able to visualize vascu-
lature to approximately 100 µm in size [8]. This type of 
high-resolution imaging has been able to identify directly 
vascular features within a tumor bed [19]. The MRI fi ndings 
of distorted vasculature included enlargement of transmed-
ullary veins, increased tortuosity and increased apparent 
vessel density [19,20]. Previous studies have demonstrated 
that apparent vessel density in a nude mice glioma model 
as identifi ed by 4.7 Tesla gradient echo magnetic resonance 
images signifi cantly correlates with the histopathologically 
identifi ed density of blood containing vessels [21]. High-
resolution MRI of apparent vascular density has been suc-
cessfully used as an assay for angiogenesis in this same 
animal model [22,23]. Using gradient echo 8 T imaging, it 
has been possible to identify microvascularity within brain 
tumors in humans (see Figures 32.5 and 32.6). The tumor 
bed can be analyzed for foci with vascular distortion. These 
foci of microvascularity can then be assessed for microves-
sel size and concentration compared with that found in 
gray matter and white matter. Semiquantitative determi-
nation of the number of foci with areas of abnormal vas-
culature, as well as the size and density of the abnormal 
microvascular structures relative to gray matter and white 
matter, has been noted to correlate with tumoral grade [24]. 
In addition, foci of vascular distortion within the tumor bed 
on gradient echo 8 T MRI correspond to areas of increased 
cerebral blood volume on dynamic contrast enhanced 1.5 T 
MRI [25]. Finally, in our experience, directed brain tumor 
biopsies derived from foci corresponding to microvascular 
distortion on gradient echo 8 T MRI have corresponded to 
areas of increased microvascularity and neovascularity on 
histopathology [26]. Further improvement in spatial resolu-
tion would be possible with larger matrix size, however, the 
acquisition times may be prohibitively long for routine in 
vivo work.

Conventional MRIs display images in terms of sig-
nal amplitude (magnitude images). Phase imaging (also 
known as susceptibility weighted imaging (SWI)) displays 
images in terms of phase shifts. As such they highlight ana-
tomic structures with susceptibility effects including iron-
containing structures, venous vasculature and cortex, and 
fi lter out susceptibility effects due to fi eld inhomogenei-
ties. RF inhomogeneity is refl ected as a variation in signal- 
to-noise [27]. As a result, fl ow voids from arteries (see arrows 
in Figure 32.8) are suppressed and venous structures (Figure 

32.8, arrowheads) are enhanced. Phase imaging therefore has 
the potential to allow the differentiation of arteries from veins.

More recently, the use of ultra-small particle iron oxide 
(USPIO) contrast agents has been shown to increase the vis-
ibility of these microvascular structures in a rodent model. 
The total volume of increased microvascularity within the 
tumor bed identifi ed on 8 T MRI following the intravenous 
administration of USPIO (Figure 32.9) is substantial [28]. 
It is interesting that foci exist within the tumor bed which 
show microvascularity prior to USPIO injection and other 
foci which do not. Since visualization of microvasculature 
prior to USPIO injection depends on BOLD effect, these 
differences may relate to differences in deoxyhemoglobin 
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FIG. 32.8. USPIO enhancement of microvascularity in the 
F98 glioma. Fischer rats bearing the F98 glioma were initially 
imaged while ventilated on 100% O2 (A) and following intrave-
nous administration of 2 mgFe/kg ultra-small superparamagnetic 
iron oxide (USPIO) intravascular contrast agent. These rats were 
imaged at 8 T using high resolution gradient echo imaging. In-
plane resolution here is 78 µm. Compare microvascularity iden-
tifi ed on the pre-contrast image with microvascularity identifi ed 
on the post-contrast image. Note the increase in conspicuity in 
hypointense serpiginous vessels within the tumor bed. Vessel con-
spicuity centrally within the tumor bed prior to contrast injection 
in these rats, which were ventilated with 100% oxygen, may 
be related to hypoxia (arrowheads). Their visibility on gradient 
echo T2 images results from deoxyhemoglobin within those ves-
sels. This method can increase the conspicuity of microvascularity 
within tumors and potentially identify regions of hypoxia within 
the tumor bed.

A
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FIG. 32.9. Detection of microglia migration in the F98 rat glioma model. 200 µl ultra-small superparamagnetic iron oxide (USPIO) 
intravascular contrast agent (0.1 mmol/ml) was injected into right hemisphere of Fischer rat brain to allow endocytosis by microglia. 
Two weeks later, 105 F98 glioma cells were injected into contralateral caudate nucleus. Serial 8 T gradient echo high resolution MR 
scans with in-plane resolution of 78 µm were performed to monitor the microglia migration. Ten days after implantation of F98 glioma 
cells, the rat was sacrifi ced. On 8 T GE images immediately prior to sacrifi ce display profound signal loss at the USPIO injection site. 
Note the relative size of this signal loss relative to the iron particles on histopathology. A few microglia cells were identifi ed in the 
tumor region containing the USPIO particles on histology. It is impressive that 8 T GE MRI is sensitive enough to visualize only a few 
USPIO labeled cells.

concentration between different regions within the tumor 
bed. As such it would lend support to the hypothesis that 
this type of imaging may be useful in identifying foci of 
hypoxia within the tumor bed (Figure 32.9).

IMAGING TUMOR OXYGENATION
Tumor hypoxia is known to protect against radiation 

treatment. Fractionated doses of radiation delivered dur-
ing periods of higher oxygenation result in more effective 
tumoral suppression. The identifi cation of tumor tissues 
which are hypoxic by nature can result in improved treat-
ment planning [29–33]. The identifi cation of deoxyhemo-
globin is thought to assess indirectly tumoral oxygenation via 
non-invasive means. Deoxyhemoglobin can be assessed via 
direct measurements of T2* relaxation or blood oxygen level 
dependent (BOLD) signal behavior (Figure 32.9). Studies 
using electron paramagnetic resonance (EPR) oximetry have 
been able to demonstrate that BOLD imaging can be used 
to assess and quantify tumoral oxygenation within tumor 
models [29]. Similarly, near infrared spectroscopy (NIRS) 
measurements of deoxyhemoglobin have been shown to cor-
relate well with tissue deoxyhemoglobin concentration [34].

It has been shown that tumor perfusion and vessel 
reactivity can vary between tumor types [35,36]. A decrease 
in vessel reactivity can result in ineffi cient oxygen delivery. 
On the other hand, this difference may result from vessel 
tortuosity which, in turn, may limit erythrocyte access in 
certain parts of the tumor bed, resulting in lower deoxyhe-
moglobin concentration and thereby less BOLD effect with 
lesser visualization of these vascular structures. Exogenous 
contrast agents would, however, have the opportunity to 
visualize the total perfused vascular volume [36]. Because 
tumoral oxygenation is critical in infl uencing tumor 
response to radiation and some chemotherapeutic agents, 

imaging of hypoxic regions could provide an in vivo marker 
for potential treatment response [37]. Preliminary data 
indicate foci of microvascularity identifi ed within the F98 
glioma on 8 T gradient echo MR images without contrast 
agent correspond to microvascular foci in hypoxic regions 
on immunohistochemical stains using a nitroimidazole 
agent. This indicates that BOLD effect identifi ed within 
abnormal microvasculature of brain tumors may be able 
indirectly to identify hypoxic regions associated with micro-
vascularity [28].

CELLULAR MAGNETIC RESONANCE 
IMAGING

Currently approved MRI contrast agents are water-
soluble gadolinium-based conjugates which depend on 
breakdown of the blood–brain barrier and case enhance-
ment either by increased vascularization of the tumor bed 
or accumulation in the interstitial tissues. As such they are 
not necessarily an accurate representation of tumor extent.

Iron oxide agents can become incorporated by cells 
and tag them. This leads to the ability to image them using 
susceptibility based sequences on MRI. Via the process of 
endocytosis, cell types which have been incubated and suc-
cessfully labeled with ferumoxides have included mesen-
chymal stem cells, astrocytes, oligodendrocyte progenitor 
cells, mononuclear cells and microglia cells [38,39]. These 
labeled cells have then been directly implanted into the 
brain and followed over time. In the setting of CNS pathol-
ogy, microglia cells appear to take up iron oxides most effi -
ciently. Alternatively, USPIO particles directly injected into 
the brain have been shown to be taken up predominantly 
by microglia cells via phagocytosis. Microglial cells can 
then be identifi ed to migrate toward glial tumors and can 
be used to outline the tumor on MRI. Higher resolution 



and higher susceptibility effects are expected to favor the 
use of UHF MRI over lower fi eld strengths in detecting cells 
labeled with USPIO. An example is provided in Figure 32.10.

In tumor models, macrophage and microglia cells 
have been shown to surround and infi ltrate the tumor 
in amounts ranging from 20 to 40% of the tumor cell 
mass [38,40–42]. It is not clear whether these cells act as 
immune defense or promote glioma invasion and prolif-
erations [43–45]. Glioma cells have the ability to secrete 
cytokines and attract microglia cells [38,46]. Thus microglia 
cells labeled with iron oxide cells can be used to localize 
gliomas. Even solitary invading tumor cells have been 
detected with USPIO-labeled microglia cells [38]. Potential 
pitfalls in imaging the traffi cking of mononuclear cells and 
stem cells within the central nervous system contrast agents 
include potential inability to distinguish readily from other 
pathologies, as well as similar signal loss from tumor com-
ponents with susceptibility effects such as hemorrhage.

MR SPECTROSCOPY
MR spectroscopy (MRS) has the potential to pro-

vide insight into the metabolite make-up within brain tis-
sue and neoplasms. Higher fi eld strengths are expected to 
afford proton MRS of cerebral metabolites with increased 

sensitivity and spectral dispersion. In addition, MRS spectra 
are expected to allow for the differentiation of more peaks 
with higher fi eld strengths [47]. There are limitations from 
fi eld inhomogeneities generated by greater susceptibil-
ity effects fi eld strengths up to 7 T. In recent investigations, 
the sensitivity threshold to detect concentration changes 
was 0.2 µmol/g for most of the quantifi ed metabolites, in a 
screen of 17 different metabolites [48]. Furthermore, changes 
of the concentration of metabolites have been observed 
during physiologic stimulation of the visual cortex [49]. In 
addition, proton phosphorus MRS has been demonstrated 
with a spatial resolution of 7.5 ml using surface coil imaging 
[50–53]. These preliminary studies indicate that higher fi eld 
strength magnets show some promise, however, their appli-
cation to brain neoplasms has yet to be assessed.

The capabilities of UHF MRI as they apply to brain tumor 
imaging have yet to be fully explored. It is expected that, with 
time, the higher signal-to-noise ratios derived from higher 
fi eld strengths will result in improved spatial resolution, 
not only of microvascularity but also functional imaging, 
dynamic contrast enhancement, spectroscopic imaging and 
MRI derived from protons other than water such as phos-
phorus, sodium or fl uorine. These methods have yet to be 
applied to brain tumor imaging at ultra-high fi eld strengths.

M R  S P E C T R O S C O P Y  •  301

FIG. 32.10. Conventional MRIs display images in terms of signal amplitude (magnitude images). Phase images (susceptibility 
weighted imaging (SWI)) display images in terms of phase shifts. As such they highlight anatomic structures with susceptibility effects, 
including iron-containing structures, paramagnetic effect from deoxyhemoglobin within venous vasculature and cortex and fi lter out sus-
ceptibility effects due to fi eld inhomogeneities. RF inhomogeneity is refl ected as a variation in signal-to-noise. As a result fl ow voids from 
arteries (arrows) are suppressed and venous structures containing paramagnetic deoxyhemoglobin (arrowheads) are enhanced. This can 
serve as a method to distinguish arterial from venous structures.
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INTRODUCTION
For several decades, animal models of human cancers 

of the central nervous system (CNS) have played essen-
tial roles as tools for the development of novel anticancer 
therapies. Orthotopically implanting xenografts of human 
tumors into immunodefi cient rodents has been a valu-
able preclinical research methodology for more than 30 
years [1–5], and recent advances in genetically engineered 
mouse models (GEMs) that spontaneously develop CNS 
tumors hold promise as a new class of models that may 
more closely mimic the human pathology [6–9]. 
Increasingly, neuroimaging is being used in combination 
with these animal models to gather preclinical data that are 
unavailable with endpoint histological analysis alone, and 
that are readily translated to the observations in clinical 
settings, where similar diagnostic imaging protocols 
are used.

Due to inter-animal variability, histological evalua-
tions of the effects of therapeutic interventions on GEMs 
or xenograft models of brain cancer typically require large 
numbers of animals in order to attain statistical signifi cance 
for survival curves and other measurements of disease 
parameters, such as tumor mass or proliferation. Non-
invasive imaging methods can be used to monitor dis-
ease progression in vivo within the same animal and, in 
contrast to the clinic, where patients typically undergo 
neuroimaging evaluation after presenting with symptoms 
that result from advanced disease, longitudinal experiments 
in GEMs or xenograft animals can provide detailed informa-
tion regarding disease progression, as well as the effects of 
treatment. Imaging modalities such as MRI, microPET, 
SPECT and optical imaging give the research investigator 
a powerful set of tools with which to investigate the bio-
logical mechanisms of disease and the effects of novel 
treatments.

MAGNETIC RESONANCE IMAGING 
OF SMALL ANIMAL MODELS OF 
CNS CANCER

Magnetic resonance imaging of small animals is a ver-
satile tool for investigating tumor extent and physiology, 
allowing the investigator to probe a wide variety of ana-
tomical and physiological parameters non-invasively and 
in a single experimental setting. Dedicated MRI systems 
for animal research typically operate at much higher mag-
netic fi eld strengths, ranging from 4.7 to 11.7 Tesla (T), as 
opposed to the 1.5 to 3.0 T range of most clinical scanners 
[10]. The higher fi eld strength of these systems allows inves-
tigators to obtain images at higher spatial resolution than 
is possible using most clinical systems and enables a vari-
ety of measurements that can provide insights into tumor 
physiology and vasculature [11]. Dedicated animal scan-
ners have a smaller bore (inner diameter of the supercon-
ducting magnet) making higher magnetic fi eld strengths 
easier to achieve; nonetheless, the large bore, lower fi eld 
strength systems used clinically can also be used for the 
investigation of small animals [10].

Distinguishing Malignant Tissue from Normal 
Brain Parenchyma

Strategies that are used in clinical MRI for investigat-
ing cancer are also applicable to imaging experiments 
using animal models [12]. Spin-spin or transverse relaxa-
tion (T2) and spin-lattice or longitudinal relaxation (T1) 
rates are intrinsic tissue parameters whose differences 
produce the exceptional soft tissue contrast that is visible 
in magnetic resonance images [11,13]. Factors affecting 
T1 and T2 include water mobility, membrane integrity, 
apoptosis and other physiological features at the cellular 
and subcellular level. Prolonged T1 and T2 values are com-
mon features of malignant brain tumors and a change in T1 
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and T2 can be indicative of a response to treatment [14]. T1 
and T2 relaxation times of human U87 brain tumors have 
been reported in a mouse model of glioblastoma multi-
forme (GBM) [15] and more detailed measurements of 
T2-related relaxation have revealed biexponential signal 
decay characteristics that may refl ect intra- and extracel-
lular water volumes [16,17]. Figure 33.1A illustrates the 
contrast produced by a T2-weighted image to distinguish 
malignant tumor tissue from the surrounding brain paren-
chyma in a xenograft model of GBM in a mouse bearing 

a large tumor. Viable tumor tissue near the border of the 
proliferating tumor appears hyperintense, while necrotic 
tissue in the tumor core appears darker than tissue in the 
surrounding tumor and brain. While T1 and T2 contrast are 
valuable parameters to differentiate tumor tissue from nor-
mal brain neuropil, they often provide suboptimal contrast 
for segmentation and volume reconstruction, due to the 
heterogeneity of contrast throughout the tumor and due to 
the frequent presence of poorly defi ned transitional zones 
between core tumor tissue and the normal brain.
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FIG. 33.1. Identifi cation of malignant tumor tissue in animal models of glioblastoma multiforme by MRI. (A) MRI images that dis-
tinguish tumor tissue from surrounding brain parenchyma by using T2 contrast (T2-weighted) and T1 contrast following the administra-
tion of an exogenous contrast agent, gadolinium-DPTA (Gd enhanced). (B) 3D reconstruction of tumor, produced by segmentation of 
Gd-enhanced images. (C) Time course, Gd-enhanced images and corresponding 3D reconstructions of tumors from a single animal in a 
longitudinal investigation. (D) Quantitative measurements of tumor volume as a function of time from the subject in C. A, C, D: Courtesy 
of Dr Y Sun, Small Animal Imaging, Brigham and Women’s Hospital, Harvard Medical School. B: Reprinted from Ref [20a] with kind 
permission of the American Association for Cancer Research.
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To provide enhanced differentiation of tumor tis-
sue from normal brain tissue, contrast agents such as 
gadolinium-DTPA (Gd-DTPA) [18,19], that perturb the local 
magnetic fi eld to create contrast detectable by MRI, can be 
introduced into the blood of the animal. Ordinarily, these 
contrast agents are restricted to the vascular compartment 
in the brain, but in the vicinity of tumor tissue, the com-
promised blood–brain barrier (BBB) causes leakage of the 
contrast agent into the surrounding tissue where it remains 
for a period of time after the agent has been cleared from the 
blood [20]. This residual contrast agent causes local changes 
in T1 and T2 relaxation that can be accentuated by MR imag-
ing sequences. Figure 33.1A illustrates the comparison of a 
Gd-DPTA contrast agent enhanced image of an orthotopic 
GBM xenograft tumor to a T2-weighted image acquired in 
the absence of the contrast agent. The clearly delineated 
regions of compromised BBB integrity (presumed to refl ect 
the presence of tumor tissue) provide the investigator with a 
clear picture of tumor extent that can be used for reliable seg-
mentation and volume assessment (see Figure 33.1B) [20a].

Following tumor growth within the same animal over 
time using quantitative volume measurements (see Figures 
33.1B,C and D) provides valuable information describing 
disease progression that can be used to assess the impact of 
treatments. High resolution multislice MRI that differenti-
ates tumor tissue from the surrounding neuropil of the brain 
enables the investigator to construct three-dimensional mod-
els of the tumor (see Figure 33.1B). These models enable a 
more accurate calculation of tumor volume than estimation 
using geometric primitives (i.e. spheres or ellipsoids), as is 
often done following histological measurements of maxi-
mum tumor length, depth and height [21]. This improved 
accuracy can be especially relevant during advanced stages 
of disease, when tumor infi ltration into surrounding areas 
of the brain is often asymmetrical.

In addition to producing T1- and T2-weighted images 
with tissue contrast that is a complex function of both of 
these parameters, it is possible to quantify explicitly T1 and 
T2, as well as other measures such as proton density (�1) at 
each pixel in the image. When combined with anatomical 
images of the same slices, the T1 and T2 of various anatom-
ical aspects of the tumor are easily evaluated. Figure 33.2A 
illustrates the changes in calculated T1 and calculated T2 
between normal brain tissue and GBM tissue, providing 
quantitative information that can be more easily compared 
with results from other experiments.

Measuring Vascular Parameters by MRI
Cerebral blood volume (CBV), cerebral blood fl ow (CBF) 

and macrovascular architecture can also be assessed by MRI 
to provide information about tumor physiology and the 
effects of treatment. Tumor-related angiogenesis often causes 
a disorganized proliferation of vessels that deleteriously 
affects blood fl ow within the tumor with respect to healthy 
tissue [22] and alters the volume of blood in the vascular 

compartment within the tumor in a manner that can be spe-
cifi c to tumor type [23]. The perfusion and altered CBV of the 
local tissue can be detected by MRI with the use of blood pool 
contrast agents in dynamic contrast enhanced (DCE) imaging 
protocols [24], or through the use of water in arterial blood as 
an endogenous tracer in a variety of techniques referred to as 
arterial spin labeling (ASL) [25]. Additionally, macrovascular 
changes in the cerebral vasculature can result from the ang-
iogenic processes of advanced tumors and can be directly 
visualized using magnetic resonance angiography (MRA).

Blood pool contrast agents such as Gd-DPTA alter the 
magnetic susceptibility of the blood and induce magnetic 
fi eld gradients within and around blood vessels, causing a 
detectable drop in the MR signal that can be large (30–50%) 
in T2*-weighted images and that is dependent on the vol-
ume of blood in the voxel from which the signal is detected 
[26]. In DCE experiments, rapid image acquisitions record 
this transient drop in signal as a bolus of injected contrast 
agent arrives at the tissue of interest. The dynamics and 
extent of signal change in response to the intravenously 
administered contrast agent permit a calculation of local 
CBV or CBF. In animal studies, it has been reported that 
MRI-derived cerebral blood volume (CBV) in 9L rat brain 
tumors correlated with histological measures of microvessel 
density [27], observations that complement clinical work in 
glioma patients where rCBV maps permit the differentia-
tion of glioma vascularization types and show a good cor-
relation with the histological grading of the tumors [28].

The ASL technique offers particular advantages over 
contrast enhanced imaging by eliminating the need for 
exogenous contrast agents [29–32]. In ASL imaging meth-
ods, spatially selective radiofrequency pulses are used to 
perturb the nuclear spins of the water in arterial blood 
that is in, or fl owing to, the brain. After a period of time has 
elapsed to allow these perturbed spins to fl ow into or wash 
out from the imaged tissue, exchange of perturbed spins 
with unperturbed spins produces a measurable change in 
signal intensity refl ective of perfusion. When the appropri-
ate pulse sequences are used, this signal change can be con-
verted into a quantitative value for blood fl ow, as shown in 
Figure 33.2A (CBF) [33]. Figure 33.2B illustrates the labeled 
and unlabeled images acquired in a typical ASL experiment 
and the subtraction process yielding a perfusion weighted 
image (PWI) that reveals a defi cit of perfusion (hypointense 
area) within the tumor.

Blood fl owing in macrovessels within the brain can be 
visualized by MRA using a variety of pulse sequences that 
are sensitive to signal from blood that fl ows into the fi eld 
of view during the course of acquisition (i.e. time-of-fl ight 
MRA protocols) or by using exogenous contrast agents. This 
measurement can be valuable to assess vascular changes 
that result from pathogenic angiogenesis. Figure 33.3 illus-
trates pathological changes in the vasculature in the vicin-
ity of a spontaneously occurring choroid plexus tumor in 
genetically engineered mice [34] and illustrates the high 



level of detail that can be obtained with MRA to investigate 
the architecture of cerebral vessels in small animals.

Probing Cellular Structure and Organization
by Diffusion MRI

As water molecules diffuse through space and through 
the magnetic fi eld gradients that are applied during an MRI 
scan, the protons within acquire shifts in phase that erode 
the detected magnetic resonance signal. Imaging protocols 
specifi cally designed to exploit this phenomenon are able 
to detect the ability of water in the extracellular spaces of 
the brain to diffuse microscopic distances in one or sev-
eral directions [35–37]. Diffusion-weighted images (DWI) 
are sensitive to this molecular movement of water and 
can be used to probe the structure of biologic tissues at a 

microscopic level. Differences in cellular organization and 
differences in the integrity of cellular membranes within 
tumors affect the movement of water molecules and can dis-
tinguish tumor tissue from normal brain in DWI images [38].

The diffusion characteristics of extracellular water 
can be quantifi ed by MRI in experiments that directly 
assess the apparent diffusion coeffi cient (ADC) by acquir-
ing images with varying amounts of diffusion weighting, 
referred to as the b factor. At high diffusion weighting (high 
b value), tissue with lower ADC appear hyperintense rela-
tive to regions of higher ADC. Figure 33.2C illustrates a 
T2-weighted image without diffusion weighting (b�0); 
the tumor appears hyperintense relative to normal brain 
tissue due to the longer T2 value of this tissue. The adja-
cent panel shows a more heavily diffusion weighted image 

FIG. 33.2. Quantitative measurements of tumor physiology and perfusion by MRI. (A) False color images illustrating quantitative 
values of T2, T1, CBF and apparent diffusion coeffi cient (ADC) obtained in vivo from a mouse bearing a GBM tumor. The color bar to 
the right indicates the color legend for values between the maximum (red) and minimum (blue) values of the reported parameters with 
ranges: T2: 0 to 72 ms, T1: 500 to 3000 ms, ADC: 0 to 1.0 mm2/s, CBF: 0 to 400  ml/100g/min. (B) Images illustrating the arterial 
spin labeling (ASL) acquisitions that reveal perfusion-related contrast, apparent as a hypointense region (refl ecting reduced perfusion) 
within the tissue of the tumor. (C) Signal attenuation in the tumor region was observed on high diffusion weighted image (b�750 s/
mm2) due to the higher ADC value of tumor tissue relative to normal brain tissue. A: T2, T1, ADC and C: Reprinted from Ref [15] 
with kind permission of John Wiley and Sons, Inc. A: CBF: Reprinted from Ref [33] with kind permission of John Wiley and Sons, Inc. 
B: Courtesy of Dr Y Sun, Small Animal Imaging, Brigham and Women’s Hospital, Harvard Medical School.
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(b � 750 s/mm2), where signal within the tumor is attenu-
ated due to the higher ADC value in this region. Quantitative 
maps of ADC can be calculated on a pixel-by-pixel basis 
as shown in Figure 33.2A (ADC). Tumor tissue (red) is read-
ily differentiated from normal brain tissue by the signifi -
cantly higher ADC value than that of normal brain (green). 
Analyses of changes in ADC from the tumor core, through the 
tumor edge, to the surrounding tissue have been reported 
previously [15].

Quantitative diffusion measurements have been shown 
to be sensitive to tissue cellular size, extracellular volume 
and membrane permeability [39]. DWI has been used in 
the clinical management of primary brain tumors [40,41] 
and has been used to distinguish tumor types and viability 
[42] in animal models. Changes in ADC have been used as 

a biomarker for changes in the cellular structure of tumor 
tissue during tumor progression and to distinguish tissue 
compartments in early, intermediate and advanced stages 
of disease [38]. Consistently high diffusion in necrotic tis-
sue, relative to solid tumor, provides a rationale for the use 
of diffusion imaging to monitor cellular changes follow-
ing anticancer therapies [14] making ADC quantifi cation a 
potentially valuable means of assessing treatment response 
in animal experiments.

Assessment of Tissue Protein/Peptide Fragments 
Using Amide Proton Transfer (APT)

Recently, a novel MRI method has been developed 
in which contrast is generated based on the tissue con-
tent of mobile protein and peptide fragments. These frag-
ments contain amide protons in each of the peptide bonds 
that are in direct exchange with water protons. Recently, it 
was shown that this interaction can be used to detect the 
presence of these fragments using the approach of chemi-
cal exchange saturation transfer (CEST) MRI [43,44]. When 
exchangeable protons are selectively saturated by radio-
frequency irradiation, the saturation is transferred to the 
water protons through proton exchange. The solvent 
(water) pool is considerably larger than the solute pool 
and proton exchange quickly returns non-saturated pro-
tons to the peptide and protein fragments. When an amide 
proton saturating pulse is applied for a period of several 
seconds, an enhanced saturation of water occurs at a con-
centration that is much higher than that of the solute and 
this enhanced saturation can be detected by MRI. This 
CEST principle was fi rst demonstrated on small solutes 
[45] and later on proteins in solution [46,47]. Using this 
technique, a study of 9L gliomas in rat brain revealed that 
tumor protein contrast can be valuable for distinguish-
ing tumor tissue from normal brain [48]. Figure 33.4 illus-
trates that APT weighted imaging can be used to delineate 
malignant tumor tissue in certain cases where T2-weighted 
contrast is ambiguous. In the 9L tumor illustrated in the 
fi gure, both edema and malignant tumor tissue appear as 

FIG. 33.3. Magnetic resonance angiography (MRA) inves-
tigation of a spontaneously occurring choroid plexus tumor in 
a genetically engineered mouse. (Left) Gadolinium-enhanced 
T1 image showed the location of the large tumor. (Right) Three-
dimensional visualization of the magnifi ed segmented tumor 
(gray) drawn at partial opacity and with vessels color-coded rela-
tive to the tumor surface. Blue, outside; red, inside; gold, traverse; 
cyan, entering or exiting; white, traversing vessels with less than 
fi ve vessel points within the tumor. There is marked neoangiogen-
esis, producing an increase in vessel number both within and sur-
rounding the tumor. Reprinted from Ref [34] with kind permission 
of the American Association for Cancer Research.

Contrast enhanced MRI Vascular reconstruction

FIG. 33.4. Quantitative T2- and amide proton transfer- (APT) weighted images of a 9L brain tumor with corresponding histology. 
Comparison of T2 map, APT-weighted image and corresponding histology for a rat 9L brain tumor. The hyperintense peritumoral tissue (open 
arrow) in the T2 map is normal in the APT-weighted image. Courtesy of Drs J Zhou and P van Zijl, Johns Hopkins University Medical School.

Quantitative T2 APT weighted Histology



hyperintense areas in the T2-weighted image, but only the 
tumor tissue appears hyperintense on the APT weighted 
image, as confi rmed by histological analysis. Recently, it 
was demonstrated that this contrast can also be detected 
in brain tumor patients [49]. The relatively uniform inten-
sity of the tumor in the APT-weighted images may further 
benefi t investigators by reducing the confusion of tumors 
that present with highly heterogeneous contrast using tra-
ditional imaging modalities, such as T2 contrast.

Probing Tumor Metabolism by Magnetic 
Resonance Spectroscopy (MRS)

Nuclear magnetic resonance (NMR) spectroscopy has 
been used by physicists and chemists to study molecular 
structure and mobility since the 1950s. Spatially selective 
NMR spectroscopy, or MRS, can complement other MRI 
methods to obtain detailed biochemical information from 
a specifi c anatomical location within the living animal that 
can be used as a prognostic or diagnostic marker in stud-
ies of cancer. Several NMR-active isotopes are available for 
MRS study: 31P and 1H are the most common nuclei used 
in vivo; 1H is an effective nucleus for investigating metabo-
lite concentrations, while 31P can be used in bioenergetics 
and in the investigation of local lipid content. 23Na can be 
applied in investigations of cellular energetics and 13C and 
19F have been used to investigate several other aspects of 
metabolism. These are just a few applications of this active 
fi eld of research and the reader is directed to several reviews 
that discuss the use of MRS in detail [50–53].

Among investigations of cancer, numerous studies have 
demonstrated that MRS can characterize the chemical fi nger-
print for different tumor types, as well as discriminate tumor 
from non-neoplastic lesions and from the effects of radiation 

[54–57]. In general, decreased N-acetylaspartate (NAA) and 
creatine (Cr) concentrations and increased choline (Cho) 
concentrations correlate with tumor grade. Increases in 
lipid and lactate concentrations are also observed in some 
gliomas. Reduction of NAA is likely due to neuronal death 
or damage, while the decrease in Cr may arise from changes 
in cell energetics. Increased Cho (and in some cases lipid) 
is believed to refl ect changes in increased membrane syn-
thesis. Lactate is a by-product of anaerobic metabolism 
and is believed to accumulate when tumor growth out-
paces neovascularization. More recently, it has been dem-
onstrated that MRS is useful in predicting response to 
therapy and in assessing response to therapy [58–60]. It has 
also been shown that changes in the Cho resonance can 
predict response to therapy weeks to months before 
changes are observed by anatomical imaging. 1H MRS has 
been used to study the correlation between the 1H-MRS 
lipid signal, necrosis and lipid droplets during C6 rat glioma 
development [61]. 31P MRS spectra was used to evaluate 
the effects of the lonidamine in the 9L tumor model [62] 
and 13C and 31P MRS was used to investigate the regulation 
of phosphocholine and phosphoethanolamine level in rat 
glioma [63].

Figure 33.5 illustrates 1H MRS spectra obtained from an 
intracranial 9L tumor in rat which demonstrated a decrease 
in choline/creatine ratio and increase in the lipid/lactate 
resonance peak (1.3 ppm) intensity for treated 9L tumor 
compared with untreated tumor spectra [64]. The sensitiv-
ity of serial MRS measurement has revealed that MRS can 
deliver important data for the evaluation of tumor responses 
to treatment. The integration of spectroscopic studies and 
imaging techniques into preclinical animal model investi-
gations provides a valuable avenue in drug discovery.

FIG. 33.5. Spatially localized 1H magnetic resonance spectra obtained from a rat brain harboring an (A) untreated intracranial 
9L and a treated glioma on the (B) sixth and (C) ninth day following initiation of daily treatments with FMdC (15 mg/kg, i.p.). Each 
series of spectra were obtained from 25 �l voxels along a column through the rat brain. In the contralateral side, resonances were 
observed corresponding to NAA, creatine and choline at 2.0, 3.0 and 3.2 ppm, respectively. Untreated 9L tumors showed absence 
of NAA, increased choline and decreased creatine as compared with the contralateral brain spectra. FMdC treated tumors showed a 
progressive increase in the lipid�lactate resonance intensity (1.3 ppm) and decreased choline intensity on days 6 and 9 of treatment. 
Reprinted from Ref [64] with kind permission of John Wiley and Sons, Inc.
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IN VIVO BIOLUMINESCENT IMAGING
Bioluminescent imaging (BLI) is an experimental tech-

nique that uses light emitting proteins (luciferases) found 
naturally in insects, bacteria and plants as optical report-
ers ideal for cell labeling in vivo. Luciferases are proteins 
with enzymatic activity that, in the presence of ATP, oxygen 
and the appropriate substrate (typically luciferin), catalyze 
the oxidation of the substrate in a reaction that results in 
the emission of a photon. The photons emitted have broad 
spectral distributions with peaks between 538 and 582 nm 
for various fi refl y luciferases, but considerable emission 
occurs at longer wavelengths (�600 nm) and this radia-
tion propagates more easily through tissue for detection by 
sensitive external cameras. Photons readily traverse several 
millimeters of tissue and thin bones, such as the mouse 
cranium, and can be detected non-invasively by cooled, 
charge-coupled device (CCD) cameras housed inside com-
partments sealed against external light [65–67].

In orthographic xenograft models using transplanted 
cells that have been genetically engineered to express luci-
ferase, tumor proliferation can be monitored using straight-
forward techniques and a modest detection system [68–70]. 
Tumor cells harboring a gene that encodes luciferase under 
the control of a constitutively activated promoter accumu-
late luciferase in the cytoplasm. Because luciferase coding 
DNA is propagated as tumor cells divide, this optical label 
endures in future generations of cells and can be used to 
monitor tumor growth within the same animal over time. 
To assay the quantity of cells containing luciferase, luci-
ferin is administered systemically to anesthetized animals 
before a period of photo-acquisition. Luciferin is a small 
molecule that readily crosses the BBB and cellular mem-
branes and can be easily administered systemically at doses 
on the order of 150 mg/kg [68,71,72]. Luminescence reaches 
its peak level within 10–20 minutes and the image acquisi-
tion times are relatively short (from several seconds to a few 
minutes) [73,74]. Several studies have documented a high 
degree of correlation between bioluminescence and MRI 
volumetric measurements [68,70,75]. Rapid image acqui-
sition and ease of the imaging procedure allow multiple 
mice to be imaged simultaneously, making this a very high 
throughput technique; it is not unreasonable for one sys-
tem to process more than 200 mice per day.

The dependence of the light emitting reaction on the 
presence of luciferase from sustained expression of the luci-
ferase gene, ATP, oxygen and the presence of unmetabolized 
substrate makes BLI subject to cellular viability. This sensitiv-
ity has been examined in conjunction with diffusion MRI to 
suggest that BLI signal loss may be a surrogate marker of cell 
death, for example, in response to a chemotherapeutic being 
investigated [76]. Other factors, such as translocation to 
deeper tissue with increased absorption, or loss of luciferase 
expression in tumor cell progeny may also affect the detected 
signal in longitudinal studies. It is also probable that vol-
ume measurement, as a function of photon emission, is less 

sensitive to tumor morphology than volume measurements 
using 3D reconstruction techniques, which may be sensi-
tive to partial volume effects in MRI. However, factors such 
as substrate concentration, reaction rates, rate of substrate 
clearance and internal absorption and scattering of photons 
complicate precise quantitative analyses. The scattering of 
emitted light presents an additional challenge for the spatial 
resolution of luciferase harboring cells, but work to develop 
reliable bioluminescent tomography is promising [77,78].

Figure 33.6 illustrates the application of BLI to track 
intracranial tumor growth in a xenograft mouse model of 
GBM. Bioluminescence increases exponentially over time 
(Figure 33.6B), consistent with the expected change in 
tumor volume [70,74,75]. Quantitative volume measure-
ments determined by MRI are highly correlated with BLI 
measurements (Figure 33.6C) and have been shown to 
exhibit a log-linear correlation for up to 4 weeks following 
implantation [70,75].

MOLECULAR IMAGING OF 
SMALL ANIMALS

MicroPET
Positron emission tomography (PET) is a medical imag-

ing technique that is used clinically to assess local tissue 
metabolism and the local concentration of molecules of 
interest, such as cell surface receptors, often at picomolar 
concentrations [79]. MicroPET technology was developed as 
a scaled-down version of clinical PET systems to bring these 
imaging capabilities to preclinical research using animals 
[80]. Technologically, microPET systems have delivered a 
solution to the problems of increased demand for sensitiv-
ity and spatial resolution as a result of the small size of the 
animals being investigated, with resolution that surpasses 
2 mm in each direction (�8 mm3). In both clinical and ani-
mal imaging, radioactive isotopes of oxygen (15O), nitrogen 
(13N), carbon (11C), or fl uorine (18F), are added to molecules 
that either participate in a metabolic pathway of interest or 
bind selectively with a molecular target of interest, and are 
administered to the patient or animal and allowed to accu-
mulate in the target tissue prior to scanning.

Image formation is made possible through the acquisi-
tion of many detected events that occur as these radioactive 
isotopes decay. The isotopes used in imaging experiments 
decay with varying half-lives and, in all cases, the decay 
results in the production of a positron that quickly annihi-
lates with a nearby electron resulting in the emission of two 
gamma rays. The gamma rays travel away from the locus of 
annihilation on opposed and nearly collinear trajectories. 
The near-collinearity of these trajectories permits the cal-
culation of a line of response (LOR) when arrayed sensors 
in the scanner register simultaneous gamma ray detections. 
By collecting multiple LORs over a period of minutes, a 3D 
reconstruction of the emission volume can be produced 
using traditional tomographic methods [80,81].



In oncological investigations, tissue metabolism is often 
measured by PET with the administration of radiolabeled 
fl uorodeoxyglucose (FDG) which accumulates in cells as a 
function of cellular demand for glucose. FDG-PET is com-
monly employed as a diagnostic tool in clinical oncology, 
owing to the higher-than-normal metabolism of most malig-
nant neoplasms including many tumors of the brain [82–84]. 
However, the ability of PET and microPET to reveal the pres-
ence and distribution of specifi c cell surface receptors has 
shifted much of the focus of current animal research toward 
the investigation of molecules that may play pathogenic 
roles in the cancers of the brain. Integrins represent one 

example of molecular targets being investigated by micro-
PET, on the basis that tumor expression of integrins has been 
shown to play an essential role in tumor angiogenesis and 
antagonists of integrin receptors are currently being evalu-
ated as potential therapies for tumorogenic cancers [85].

Figure 33.7 illustrates the results of a longitudinal 
microPET study following tumor growth within the same 
animal in an orthotopic U87 xenograft model of GBM. 
18F was incorporated into an RGD peptide, a potent 
alphav-integrin antagonist, and administered to localize 
brain regions containing high concentrations of alphav-
integrin receptors, areas co-localized with tumor tissue and 

FIG. 33.6. Bioluminescence imaging of GBM xenografts reveal increases in luminescence that are correlated with tumor growth 
and quantitative volume measurements determined by MRI. Luciferase-expressing U87 cells were stereotactically implanted into the 
right hemisphere of NCr nude mice. (A) A dim light photograph of two representative animals is overlaid with a false-color represen-
tation of photonic fl ux (photons/s/cm2/sr) at the indicated time after intracranial tumor cell implantation. (B) The bioluminescence 
through standardized regions of interest (photons/s/ROI) was found to increase exponentially and (C) was highly correlated with 
tumor volume measurements determined by MR imaging. A: Courtesy of Dr. A. Kung, Dana-Farber Cancer Institute. B, C: Reprinted  
from Ref [70] with permission of the National Academy of Sciences.
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vascular endothelium resulting from pathological angio-
genesis. The technique used by Chen et al is applicable to 
microPET investigations of other cell surface targets with 
the availability of appropriate radiolabeled ligands [86].

MicroSPECT
Single photon emission computed tomography (SPECT) 

operates on similar principles as PET with the important 
distinction that the radionuclides used in SPECT experi-
ments exhibit longer half-lives and emit gamma photons of 
varying energies that are generally lower than those emit-
ted by isotopes used in PET experiments. For small-ani-
mal imaging, the energy of the photons is in the range of 
25–511 keV [87]. The formation of SPECT images requires 
the use of a collimator that determines the direction of the 
photon as it travels between the source and the detector. 
In clinical SPECT systems, the collimator has parallel holes 
that are oriented to image a large fi eld of view appropriate 
for a human subject. This resolution is not good enough 
for imaging small animals, however, so most SPECT experi-
ments investigating animals typically require the higher 
spatial resolution afforded by pinhole collimators. Several 
dedicated small animal pinhole SPECT systems have been 
developed in recent years [88–92] and it has been reported 
that volumetric resolution on the order of 0.1 �ml can be 
achieved [91], making this modality well suited for studies of 

molecular binding or uptake with submillimeter resolution 
in the living animal. Even though the detection effi ciency 
of microSPECT systems is much lower than that of micro-
PET, dynamic studies are still often possible because of the 
longer half-life of SPECT tracers.

High resolution SPECT provides a valuable tool in 
development and evaluation of radiopharmaceutical agents 
and in molecular research. In combination with small ani-
mal MRI, multipinhole microSPECT with submillimeter 
resolution has been used to follow the development of 
disease in mouse models over time [93,94] and the use of 
multiple energy windows to perform dual-isotope imag-
ing has also been reported [93]. Figure 33.8 illustrates con-
comitant SPECT and MRI imaging of a U87 GBM xenograft 
in a mouse model and refl ects the ability of SPECT to dis-
tinguish malignant tumor tissue by means of a vitronectin 
binding radioligand (99mTc-NC100692, 1 mCi) [95]. The 
development of highly sensitive SPECT systems with excep-
tional spatial resolution has created a broad range of new 
applications of molecular imaging in animal research.

SUMMARY
Animal models will continue to play an indispensable 

role in the investigation of CNS cancer and in the search for 
novel therapies. In studies using these models, non-invasive 
neuroimaging techniques afford the investigator important 

FIG. 33.8. MicroSPECT images of GBM 
tumor in mice using a vitronectin binding radi-
oligand (99mTc-NC100692). Multimodality 
SPECT and MRI images reveal a large tumor in 
axial, coronal and sagittal planes in a mouse 
bearing a U87 cell xenograft. The coregistered 
data confi rm that both modalities reveal tumor 
tissue in the same loci. Courtesy of JW Barnes 
and Dr M W Kieran, Department of Pediatric 
Oncology, Dana-Farber Cancer Institute, 
Harvard Medical School.
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capabilities that include and exceed the capabilities of clini-
cal diagnostic imaging. Common among all non-invasive 
imaging modalities is the benefi t of performing measure-
ments in vivo, typically in longitudinal evaluations within 
the same animal that can provide a more sensitive assay of 
therapeutic response. A variety of measurements of disease 
status and drug action can be obtained, whether using MRI 
and MR spectroscopy, optical imaging technologies, molec-
ular techniques such as PET and SPECT, or other technolo-
gies that are being continually improved for application to 
the investigation of brain tumors in small animals such as 
microCT [96–99], contrast enhanced ultrasounography [100] 
and photoacoustic tomography [101]. Each imaging technique 

has specifi c limitations and the combination of multiple 
techniques has become an increasingly popular strategy to 
leverage the strengths of different modalities within a single 
experiment, as in Figure 33.8. The combination of molecu-
lar imaging techniques with high resolution anatomical 
or physiological imaging can be used to determine the 
pharmacodynamic and pharmacokinetic actions of drugs 
and to determine whether novel therapeutics modulate 
their intended targets in vivo. These capabilities, and 
the increasing frequency of use of small animal imaging 
bodes well for the translation of in vitro biology to in vivo 
animal models and, ultimately, to observations expected in 
the clinic.
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INTRODUCTION
Neuroimaging began utilizing contrast agents for cross-

sectional imaging immediately after their availability, due 
to the uniqueness of their impermeability through the 
blood–brain barrier (BBB) and ready leakage when a break-
down of the BBB occurs. Additionally, contrast agents can 
enhance the delineation of the intracranial vasculature for 
high resolution non-invasive computed tomography (CT) 
and magnetic resonance (MR) angiography. While x-ray 
contrast agents lead to an attenuation of the transmitted 
x-rays, MR agents exhibit their properties by locally chang-
ing the relaxivity. All contrast agents for CT utilize iodine 
as their central ion while MR contrast agents can be classi-
fi ed into the paramagnetic (mostly gadolinium-based) and 
superparamagnetic (mostly iron oxide-based). For both CT 
and MR, neuroimaging consists of the majority of proce-
dures performed on those modalities in our environment. In 
CT, no distinctive differences in the visualization of contrast 
enhancement is recognized between the different agents 
currently available for clinical use while in MR imaging, the 
distinctive characteristics of the contrast agents can lead to 
substantially different visualization and enhancement pat-
terns that have to be recognized.

Contrast agents are always dosed at the lowest effective 
dose to enable the diagnostically appropriate visualization 
of the intracranial vasculature, disturbances in the BBB or 
other microcirculatory changes. From a safety perspective, 
the rapid elimination from the body, no or limited drug–drug 
interactions, and no or limited toxicity are the key desirable 
aspects. CT does have its advantage in terms of rapid acqui-
sition, especially in emergency situations, while MR allows 
not only a morphological, but also functional and molecular 
pathway oriented assessment. CT and MR enable the per-
fusion/microcirculatory assessment during the rapid bolus 
passage of the contrast agent, whereas only MR allows more 
differentiated contrast approaches. While no reliable data 
are available on the global use of x-ray contrast agents for 
CT neuro-applications, it can be estimated that we currently 

have about six million dose utilizations of MR contrast agents 
per year for neuroimaging [1]. It is further anticipated that 
the utilization, especially in neuro-oncology, will further shift 
toward MR and, therefore, the understanding of MR contrast 
agents for these applications is of major importance.

CLASSIFICATION OF MR CONTRAST 
AGENTS FOR NEURO-ONCOLOGIC 
IMAGING

MR contrast agents currently fall into two broad catego-
ries; those based on gadolinium, which are predominately 
paramagnetic in nature, and those based upon iron oxide 
particles of different coating and size that are superpara-
magnetic in nature (Figure 34.1). Currently, the overwhelm-
ing utilization for neuro-oncologic imaging is based on 
gadolinium chelates that can be further subclassifi ed into 
agents that show no interaction with proteins or those that 
have varying temporary interaction with proteins that lead 
to increases in relaxivity and different elimination pathways. 
Table 34.1 summarizes the contrast agents that are currently 
available or in clinical trials at varying stages relevant for 
neuro-oncologic MR imaging [2]. Contrast agents are locally 
approved by the regulatory authority, such as the Food and 
Drug Administration (FDA) in the USA, similar to thera-
peutic drugs. The clinical development of contrast agents is 
currently an overall 10-year plus process that starts with the 
preclinical assessment and toxicology, followed by a Phase I 
feasibility assessment. Phase II studies are designed to assess 
the dose imaging characteristics, with the goal to identify the 
lowest diagnostically suffi cient dose. Subsequent Phase III 
studies focus on diagnostic effi cacy and safety to support the 
desired indication and regulatory label.

Non-protein Interacting Standard Gadolinium 
Chelates

Currently, six gadolinium chelate contrast agents are 
approved in one or more countries and typically always 
have neuro-imaging as a labeled indication. This group of 
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‘conventional’ gadolinium chelate agents was introduced 
more than 15 years ago with nearly simultaneous approval 
of gadopentetate dimeglumine (Gd-DTPA, Magnevist, 
Bayer Schering AG) in all three key markets – Europe, USA 
and Japan. Five of these agents are available as 0.5 molar 
formulations and one, gadobutrol (Gd-BT-DO3A, Gadovist, 
Bayer Schering AG) is being marketed at a 1.0 molar for-
mulation. Although differences exist between these agents 
in terms of their molecular structure and chemical and 
physical properties (Figure 34.2; see Table 34.1), all agents 
are non-specifi c and are eliminated unchanged via the 

renal pathway by glomerular fi ltration. The T1 relaxation 
rates of these agents are comparable and fall in the range 
between 4.3 and 5.6 l/mmol/s. These similarities there-
fore lead to equivalent imaging characteristics at the same 
dose and injection rate. A differentiating factor of substan-
tial relevance has been the binding strength of the gado-
linium by its surrounding chelating complex. Two agents 
have substantially lower binding that has led to the inclu-
sion of excess chelate in the formulation in order to trap 
any dissociated gadolinium ion. The two agents that 
exhibit these characteristics and therefore have different 

T A B L E  3 4 - 1  Physicochemical characteristics of commercially-available fi rst pass gadolinium-based MR contrast agents

Characteristic Gd-DTPA  Gd-DOTA  Gd-HP-DO3A  Gd-DTPA-BMA  Gd-BT-DO3A  Gd-DTPA-BMEA MultiHance
 Magnevist Dotarem ProHance Omniscan Gadovist OptiMARK (0.5 mol/l)
 (0.5 mol/l) (0.5 mol/l) (0.5 mol/l) (0.5 mol/l) (1.0 mol/l) (0.5 mol/l)

Molecular structure Linear, ionic Cyclic, ionic Cyclic, non-ionic Linear, non-ionic Cyclic, non-ionic Linear, non-ionic Linear, ionic
Thermodynamic  22.1 25.8 23.8 16.9 21.8 16.6 22.6
stability constant 
(log Keq)
Osmolality   1.96  1.35  0.63  0.65  1.6  1.11  1.97
(Osm/kg)
Viscosity   2.9  2.0  1.3  1.4  4.96  2.0  5.3
(mPa � s at 37ºC)
T1 relaxivity  4.9  4.3  4.6  4.8  5.6 N/A  9.7
(l/mmol/s), plasma

N/A � not available
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FIG. 34.1. Classifi cation scheme for MR contrast agents that are potentially applicable to neuro-oncologic imaging. The para-
magnetic gadolinium chelates can be classifi ed according to their degree of protein interaction. The ultra small iron oxide particles 
are ‘blood pool’agents which demonstrate long intravascular enhancement. (n.b. The products in italics are still in the developmental 
phase at the time of writing.)
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formulations are gadodiamide (Gd-DTPA-BMA, Ominscan, 
GE Healthcare/Amersham) and gadoversetamide (Gd-DTPA-
BMEA, Optimark, Mallinckrodt). The excess chelate in 
these agents has been identifi ed as a causative interference 
with the colorimetric method for serum calcium that have 
resulted in reported spurious hypocalcemia in clinical lab-
oratory tests using the colorimetric test for serum calcium 
[3,4]. Another safety aspect that has become of relevance 

is the association of the use of gadolinium chelates with 
the development of nephrogenic systemic fi brosis (NSF), 
which has led to a recent public health advisory by the FDA 
and the European regulatory authorities. Nephrogenic sys-
temic fi brosis or nephrogenic fi brosing dermopathy (NFD) 
is a new, rare, disease that affects patients with renal fail-
ure [5,6]. Cases have only been identifi ed after 1997 and it 
appears to be a systemic disorder with most prominent and 

FIG. 34.2. Chemical structure of the key gadolinium chelates.
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visible effects in the skin. It is currently postulated that there 
is a causative relationship with a deposition of gadolinium 
in the tissue, with the majority of cases currently reported 
with gadodiamide. It is therefore currently recommended 
that should patients with a higher risk for this rare disease 
entity, such as patients with renal impairment, renal dialy-
sis, after transplantation or surgery, or thrombosis, have a 
strong medical need for use of a gadolinium contrast agent, 
the goal is to use the lowest possible dose and to avoid those 
agents that have the lowest binding of gadolinium, gadodi-
amide or gadoversetamide.

Other than these issues, gadolinium chelates have 
shown on pharmacovigilance analysis an outstanding safety 
profi le with spontaneous event reporting analysis on Gd-
DTPA identifying an adverse event reporting rate of 7.9 cases 
per 100 000 administrations [1]. Gadobutrol is the only agent 
that is available at 1.0 molar formulation which enables twice 
the concentration of gadolinium to be delivered into the vas-
culature per unit volume, thereby enabling a stronger vas-
culature signal for perfusion and vasculature imaging which 
has led to the initial preferred utilization of this type of agent 
for susceptibility weighted perfusion imaging of the brain.

GADOLINIUM CHELATES WITH WEAK 
PROTEIN INTERACTION

This class represents a second generation of gadolin-
ium chelates that possess a higher T1 relaxivity in blood 
such as for gadobenate (Gd-BOPTA, MultiHance, Bracco) 
(9.7 mM�1s�1) due to the weak transient interactions 
between the agent and serum proteins, particularly albumin. 
This higher T1 relaxivity manifests as a signifi cantly greater 
intravascular signal intensity enhancement compared to 
that achieved with conventional gadolinium chelates at 
equivalent doses, with the benefi ts of a more pronounced 
effect in smaller vessels, as well as in the margins of tumors. 
In order to assess objectively if differences in the visualiza-
tion of intracranial lesions exist between the fi rst group of 
standard gadolinium chelates and the new group, an intra-
individual crossover study was performed that revealed that 
gadobenate dimeglumine shows a signifi cantly stronger 
contrast enhancement and improved delineation of brain 
tumors compared to the representative of standard agents 
gadopentetate dimeglumine [7]. This fi nding was confi rmed 
in a subsequent larger study [8]. The practical impact is 
that intracranial lesions can be signifi cantly better deline-
ated and detected using the standard dosage (Figure 34.3). 
It has to be considered for follow-up examinations that the 
improved enhancement and delineation has to be differen-
tiated from disease progression.

The clinical advantages of the increased relaxivity have 
also been demonstrated for all vascular territories from 
the carotid vasculature to the distant run-off vessels [2]. 
Like the conventional non-protein interacting gadolinium 
chelates, gadobenate dimeglumine has an excellent safety 

profi le with a very low incidence of adverse events noted 
for the clinical development program as a whole [2].

A second agent with elevated T1 relaxivity (8.2 l/mmol/
s) in human plasma is gadotexetate disodium (Primovist, 
Bayer Schering AG) (see Figure 34.2H) [2]. This agent has 
been developed and is being marketed in some European 
countries for liver imaging and is currently not being used 
nor clinically evaluated for neuroimaging.

GADOLINIUM CHELATES WITH STRONG 
PROTEIN INTERACTION

Currently, two agents with strong affi nity for serum 
proteins are in clinical development or approved in some 
countries. The agent approved in Europe for MR angiogra-
phy and overall furthest along the developmental process is 
gadofosveset trisodium (MS-325, Vasovist, Bayer Schering 
AG) which is being dosed for contrast enhanced MRA at a 
dose of 0.03 mmol/kg bodyweight [9]. This agent has been 
reported to be 88–96% non-covalently bound to albumin in 
human plasma and to exhibit a relaxivity at 0.5 T that is 6 
to 10 times that of gadopentetate dimeglumine [2]. Studies 
have shown that this agent can be utilized both for fi rst pass 
contrast enhanced MRA and for steady-state imaging in a 
number of vascular territories, including the carotid arter-
ies [2]. The agent does also exhibit an extravasation in the 
case of BBB breakdown.

The second agent with a strong affi nity for serum 
proteins is gadocoletic acid (B22956, Bracco). This agent is 
currently undergoing Phase II trials for enhanced coronary 
MRA and has been shown to have even stronger affi nity 
for serum albumin than MS-325 (approximately 94% 
bound non-covalently), with a similarly long intravascular 

FIG. 34.3. The intraindividual comparison of a representative 
of the standard gadolinium chelates (Gd-DTPA, Magnevist) with 
the Gd-BOPTA (MultiHance) reveals a more intense and exten-
sive contrast enhancement for the representative of the class of 
weakly interacting, higher relaxivity agents. The margins of the 
glioma are better visualized.

Intraindividual Comparison

Gd-BOPTA Gd-DTPA
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residence time [2]. Both these agents appear to have poten-
tial neuroimaging applications and also have excellent 
safety profi les.

Both of these so-called paramagnetic ‘blood pool’ con-
trast agents are agents for which the intravascular residence 
time is considerably extended compared to the conven-
tional ‘fi rst pass’ gadolinium agents. With these agents, the 
intravascular signal remains high for an extended period of 
time, thereby permitting MR imaging during a more pro-
longed ‘steady-state’ timeframe, in addition to conventional 
fi rst pass contrast enhanced-MRA. For potential neuroim-
aging, the visualization of the vasculature in addition to 
the BBB breakdown extravasation can be either a potential 
advantage or a potential disadvantage. As no formal clinical 
trials on neuro-oncologic patient populations have been 
performed up to now, no confi rmative data are currently 
available. There are two principal types of paramagnetic 
‘blood pool’ contrast agents: those whose intravascular res-
idence time is prolonged due to a capacity of the gadolin-
ium chelate for strong interaction with serum proteins, and 
those that have a macromolecular structure whose large 
size limits the extent of extravasation compared to the fi rst 
pass gadolinium agents. Another important aspect to clas-
sify blood pool agents is regarding their capability and effi -
cacy to be used, both in fi rst pass as well as for steady state 
vascular imaging.

GADOLINIUM CONTRAST AGENTS WITH 
MACROMOLECULAR STRUCTURES

Examples of gadolinium-based blood pool agents with 
macromolecular structures are P792 (Vistarem, Guebert) 
and Gadomer-17 (Bayer Schering AG) [2]. These agents 
differ from the currently available low molecular weight 
gadolinium agents in possessing large molecular struc-
tures that prevent extravasation of the molecules from the 
intravascular space following injection, but do have slow, 
reduced leakage in case of BBB breakdown. The molecular 
weights of P792 and gadomer-17 are 6.5 kDa and 35 kDa, 
respectively, which compare with the weights of between 
approximately 0.56 kDa and 1.0 kDa for the purely fi rst 
pass gadolinium agents [2]. Whereas the structure of P792 
is based on that of gadoterate, substituted with four large 
hydrophilic spacer arms, gadomer-17 is a much larger poly-
mer of 24 gadolinium cascades [2]. In addition to differ-
ences in molecular weight and structure, these two agents 
appear to differ in terms of their rates of vascular clearance, 
with P792 considered a rapid clearance blood pool agent [2]. 

Despite these differences, both agents are currently under 
investigation for possible applications in contrast enhanced 
MRA of coronary arteries [2].

SUPERPARAMAGNETIC IRON OXIDE 
AGENTS

The second major category of potential contrast agents 
for neuroimaging consists of the superparamagnetic group, 
which is based on particles of iron oxide (PIO) that are dif-
ferentiated by the size and by the coating. Those with a 
diameter larger than 50 nanometers are referred to as small 
(SPIO) and those smaller as ultrasmall (USPIO). Most iron 
oxide particles have either a starch or dextran coating and 
biologic characteristics are predominately dependent on 
coating, while its imaging characteristics as T1-w or T2*-w 
agent depend on its size. The only agent that is current 
approved for clinical use in the USA is AMI 25, also known as 
Endorem (Guebert) or Feridex (Berlex). This SPIO has been 
also used for cell-tracking and has therefore the potential 
for molecular-based neuroimaging applications, however its 
labeled indication is actually liver imaging, as it is taken up 
by the reticuloendothelial system (RES) [10]. As with several 
of the gadolinium-based agents, none of the USPIO agents 
are yet approved for clinical use. The clinical development 
of USPIOs in the recent past had focused on vascular imag-
ing, such as NC100150, a USPIO molecule coated with starch 
and SHU 555 C, a USPIO molecule coated with dextran. Their 
potential to visualize the intracranial microvasculature at 
ultra-high fi eld has been recently demonstrated in rodents 
and is being further evaluated [11,12]. AMI 227 (Ferumoxtran, 
Guerbert), another USPIO, has been evaluated for lymphatic 
MR imaging [13,14]. As with the gadolinium blood pool 
agents, the potential advantages of this agent include a long 
intravascular half-life with minimal leakage into the inter-
stitial space, thereby permitting the steady-state vascular 
imaging. The iron oxide particles do have the potential to be 
carrier molecules of choice, especially for high and ultra-high 
fi eld MR imaging with the potential to create targeted nano-
molecules for MR based in vivo molecular imaging.

While contrast agents for both CT and MR did not 
reveal distinctively different imaging characteristics in the 
past, now new agents provide truly distinctive characteris-
tics that advance the capabilities in non-invasive disease 
detection and characterization. The advent of molecular 
targeted agents is on the horizon for neuro-oncologic cross-
sectional imaging that will enable us further to improve 
imaging capabilities.
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INTRODUCTION
Gliomas are the most common primary brain tumors 

in adults and account for 40–50% of all intracranial tumors. 
They may manifest at any age, but preferentially affect 
adults. Their peak incidence is in the fi fth and sixth decades 
of life. They are slightly more common in men than women 
(1.5/1 ratio) and signifi cantly more common in white than 
black people. Gliomas can affect any part of the CNS, but 
they usually occur more supratentoriarly in adults and 
infratentorially in children [1].

The clinical symptoms of the tumors depend on the 
anatomic location of the neoplasm in the brain. Headache, 
seizures, hemiparesis, personality changes, visual loss, gait 
disturbances and signs of increased intracranial pressure 
are among the most common clinical manifestations [2].

More than half of all glial tumors are astrocytic tumors. 
The pathologic classifi cation and grading of astrocytomas 
is controversial but, on the other hand, it is also critical 
for assessment of their prognosis and treatment. A simple 
grading system for gliomas relies upon recognition of four 
parameters: nuclear atypia, mitoses, endothelial prolif-
eration and necrosis. The presence of two or more of the 
above-described features in a glioma places the tumor in 
the high-grade category [3]. High-grade or malignant glio-
mas are tumors with both expansive and infi ltrative growth. 
They show some degree of anaplasia, without any cleavage 
plane and, in microscopic examination, tumor cells are 
known to extend beyond the tumor margins. Anaplastic 
astrocytoma (AA; WHO grade III) and glioblastoma multi-
forme (GBM; WHO grade IV), the most common primary 
malignant brain tumors, are classifi ed as high-grade glio-
mas or malignant astrocytomas. This histologic behavior 
is a consequence of multiple genetic changes that accu-
mulate during stepwise progression [4]. During the past 
10 years, tremendous progress has been made in our 
understanding of the critical events that accompany astro-
glial transformation and malignant progression [5] (Table 
35.1). Gliosarcoma, a rare tumor (WHO grade IV) com-
posed both of neoplastic glial and mesenchymal cells, will 
be also reviewed with the high-grade neoplasms.

ANAPLASTIC ASTROCYTOMA
Anaplastic astrocytoma (WHO grade III) is an infi ltrating 

lesion with biology and average age of diagnosis intermedi-
ate between simple astrocytomas and GBM. Although some 
AA arise as new primaries, 65–75% result from dedifferentia-
tion of low-grade gliomas [6]. The course of progression of 
low-grade gliomas to AA varies considerably, with time inter-
vals ranging from less than 1 year to more than 10 years, the 
mean interval being 4–5 years. The designation of a tumor 
as AA refl ects a distinct histologic classifi cation of malig-
nant glioma characterized by an abundance of pleomorphic 

CHAPTER 35

Malignant Astrocytomas
A. Drevelegas, D. Chourmouzi and N. Papanicolaou 

T A B L E  3 5 - 1  Genetic abnormalities in astrocytic tumors

Tumor type Chromosome Gene Growth factors
 deviation alteration amplifi cation/
   over expression

Astrocytoma �7q, �22q �p53 PDGFR-α

Anaplastic  1, �7q, �p53
astrocytoma �9p, �10, �p16
 v13q, �19,  �Rb
 �20, �22q

Primary  1, �4q, �6q, �MDM2 EGFR
glioblastoma �7q, 8q, �9p, �PTEN
 �10, �13q,  �p16
 �17p, 19,  �Rb
 �20, �22q

Secondary  �4q, �9p, �10, �p53 PDGFR-α
glioblastoma �13q, �17p �p16
  �Rb
  �DCC

�, chromosomic gains or gene amplifi cation/overexpression; 
�, chromosomic losses or gene inactivation. PDGFR-α; platelet- 
derived growth factor receptor alpha; EGFR, epidermal growth 
derived factor receptor. (From Imaging of brain tumors with patho-
logical correlations. A.Drevelegas (ed.) With kind permission of 
Springer Science and Business Media.)



326 C H A P T E R  3 5  •  M A L I G N A N T  A S T R O C Y T O M A S

astrocytes with evidence of mitosis [7]. On the other hand, 
they lack the necrosis and/or signifi cant vascular prolifera-
tion that characterize GBM.

Anaplastic astrocytomas appear in a slightly higher age 
group than low-grade astrocytomas. They can occur at any 
age, but most commonly in the fourth to sixth decades of 
life. Cerebral hemispheres are the most common location 
of these tumors. Seizures and focal neurologic defi cits rep-
resent the most common clinical symptoms.

Although AA are malignant tumors, they have a better 
prognosis and a higher likelihood of response to treatment 
than GBM. The median survival rate for the patients with 
these tumors is 2 to 3 years.

On CT scans, AA present as ill-defi ned inhomogene-
ous lesions. Calcifi cation is rarely encountered and only 
in cases of pre-existing low-grade gliomas with malignant 
transformation. Peritumoral edema may be present as a 
hypodense area. After the administration of contrast mate-
rial, the tumors either do not enhance or they show focal, 
nodular or heterogeneous enhancement (Figure 35.1A,B) 
[8,9]. On MRI, the appearance of AA may be quite variable. 
On T1-weighted images they appear heterogeneously iso- 
to hypointense. T2-weighted images refl ect better the het-
erogeneous composition of the AA with areas of high signal 
intensity representing the tumor itself and the peritumoral 
vasogenic edema. Tumor cells can be identifi ed either in 
most distant aspect of peritumoral edema or occasionally 
in areas depicted as normal on T2-weighted images outside 
the margins of peritumoral edema. On T1-weighted images 
after the administration of contrast medium they show het-
erogeneous or patchy enhancement (Figure 35.1C–E) [10].

In terms of imaging characteristics, AAs may be diffi cult 
to differentiate from GBMs. However, the margins of AA are 
less defi ned and exhibit a moderate amount of mass effect, 
vasogenic edema and heterogeneity. They show a minimal 
amount of hemorrhage, as opposed to fi ndings in GBM. 
Necrosis, the imaging hallmark of GBM, is absent. AAs 
may also mimic the appearance of low-grade astrocytomas 
and can present as a well-demarcated, homogeneous non-
enhancing mass [11,12]. A non-enhancing supratentorial 
neoplasm does not always equate with low-grade malig-
nancy. In one study, 40% of non-enhancing lesions proved 
to be anaplastic astrocytomas (Figure 35.2) [13]. MRI is the 
modality of choice for tumor surveillance and potential 
malignant transformation over time (Figure 35.3).

GLIOBLASTOMA MULTIFORME
Glioblastoma multiforme (WHO grade IV) is the most 

common brain tumor, accounting for more than half of 
all gliomas and 15–20% of all intracranial tumors. About 
50–60% of all astrocytic tumors are classifi ed as GBM. 
Although they represent only 1–2% of all malignancies, the 
incidence of GBMs is in the range of two to three new cases 
per 100 000 population per year [14].

GBMs may occur at any age, but most commonly affect 
adults with a peak incidence between 45 and 70 years. In 
childhood, GBM are relatively uncommon compared to adults 
and account for 7–9% of all pediatric intracranial tumors.

GBMs occur most commonly in the subcortical white 
matter of the temporal, parietal, frontal and occipital lobes. 
In a series of 987 GBMs from University Hospital Zurich, 
the most frequently affected sites were the temporal (31%), 
parietal (24%), frontal (23%) and occipital (16%) lobes [15]. 
The basal ganglia may also be involved. Brainstem GBMs are 
infrequent and occur most commonly in children, as a result 
of transformation of pre-existing low-grade glioma, while the 
cerebellum and spinal cord are rare sites for this neoplasm.

The most common clinical symptoms in GBMs include 
seizures, headaches, personality changes, focal neurologic 
defi cits, speech impairment, cranial nerve involvement and 
increased intracranial pressure. Glioblastoma represent an 
aggressive tumor with an ominous prognosis. Despite the 
progress in surgery, radiation therapy or chemotherapy, the 
mean survival time ranges between 6 and 12 months. Only 
exceptionally patients survive beyond 2 years.

Glioblastomas can arise ‘de novo’ (primary GBM), or 
after progression of an AA (secondary GBM). Primary GBMs 
account for the vast majority of cases (60%) in adults older 
than 50 years. After a short clinical history, usually less than 
3 months, they manifest de novo (i.e. without clinical or 
histopathological evidence of a pre-existing, less malignant 
precursor lesion). Secondary GBMs (40%) typically develop 
in younger patients (�45 years) through malignant pro-
gression from a low-grade astrocytoma (WHO grade II) or 
AA (WHO grade III) [16].

On unenhanced CT, GBMs appear as central low-
density lesions that refl ect necrosis, located usually in the 
centrum semiovale (see Figures 35.5A and 35.6A). Necrosis 
is the imaging hallmark of GBMs [17,18]. Calcifi cation is 
rare in GBMs and, when present, is thought to be related to 
a pre-existing low-grade astrocytoma. They are heterogene-
ous due to the refl ecting sites of necrosis, hemorrhage and 
increased cellularity (Figure 35.4). Hemorrhage was reported 
in approximately 19% of patients with GBM and in approxi-
mately 12% of patients with low-grade lesions [19]. Besides 
necrosis and hemorrhage, another characteristic radio-
logic feature is the presence of edema, which surrounds the 
tumor, extends along the adjacent white matter tracts and 
usually produces signifi cant mass effect. After the admin-
istration of contrast material they usually show marked 
heterogeneous ring-like enhancement with thick, shaggy, 
irregular and nodular wall (Figures 35.5B and 35.6B).

The multiplanar capability of MRI and its higher con-
trast resolution make it the modality of choice in the evalu-
ation of brain tumors.

On T1-weighted images, GBMs appear as heterogeneous 
masses with central necrosis, thick irregular margin and per-
itumoral edema (Figures 35.7A and 35.8A). After the admin-
istration of contrast medium they show inhomogeneous 



or irregular ring-like enhancement (Figures 35.7B and 
35.8B). The thick and irregular enhanced rim surrounds 
a hypointense central area consistent with necrosis within 
the tumor. The peripheral non-enhancing low attenua-
tion zone represents vasogenic edema. The enhanced ring-
like structure does not represent the outer tumor border 

because infi ltrating glioma cells can be identifi ed easily 
within, and occasionally beyond, a 2-cm margin.

On T2-weighted images, GBM appears as a heteroge-
neous mass with high signal intensity. The heterogeneous 
appearance may be due to central necrosis, hemorrhage 
and tumor vascularity. Prominent peritumoral vasogenic 
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FIG. 35.1. Anaplastic astrocytoma. (A) NCCT shows a heterogeneous, hypodense left parietal lobe mass. (B) After the admin-
istration of contrast medium, the mass remains predominantly hypodense and only a small area of enhancement is present (arrow). 
(C) Axial T1-weighted image shows a slightly hypointense lesion with thickened left parietal cortex. (D) On axial T2-weighted image, 
the lesion is heterogeneously hyperintense with peritumoral edema. (E) On axial post-contrast T1WI the hypointense lesion shows 
patchy enhancement that exhibits high signal intensity on diffusion weighted image (F), and low signal intensity on ADC map (G) due 
to restricted diffusion. (H) Long TE (135 ms) spectra demonstrate elevated choline and reduced NAA at the area of tumor plus edema. 
(I) Cho/Cr spectral map shows abnormal Cho/Cr with red color.
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FIG. 35.2. Anaplastic astro-
cytoma of the right temporal 
lobe. (A) Axial T1-weighted 
image shows a space occupy-
ing hypointense mass. (B) On 
T2-weighted image the mass 
shows homogeneous high signal 
intensity. (C) On post-contrast 
T1-weighted image the mass is 
unenhanced.
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FIG. 35.3. Evolution of low-grade glioma to anaplastic astro-
cytoma. (A) Coronal T2- and (B) post-contrast T1-weighted 
images in a 35-year-old man with temporal lobe seizures show 
a heterogeneous non-enhanced mass. Biopsy revealed an infi l-
trating low-grade astrocytoma. Three years later coronal FLAIR 
(C) and (D) post-contrast T1-weighted images show signifi cant 
enlargement of the mass. Stereotactic biopsy showed anaplastic 
astrocytoma.
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FIG. 35.4. Glioblastoma multiforme. Gross specimen shows 
a large heterogeneous tumor occupying the right occipital lobe 
with necrotic and hemorrhagic areas.

edema is always present and is better appreciated in T2- as 
compared with T1-weighted images. The vasogenic edema 
is produced by abnormal neoplastic vessels, which lack the 
normal blood–brain barrier, resulting in transudation of 
fl uids and proteins into the extracellular space. Although 
MR imaging is the most sensitive method for depicting 
abnormal amounts of tissue water, discrimination of tumor 
tissue from edema in terms of signal characteristics has 
proved unreliable. The white matter edema produced by 

GBMs is very extensive and actually represents tumor plus 
edema (see Figures 35.7C and 35.8C)[20–23].

GBMs may disseminate along various pathways but 
most commonly along the white matter tracts to involve the 
contralateral hemisphere. Spread across the corpus callo-
sum, internal capsule, optic radiations and the anterior and 
posterior commisure is typical. Symmetric extension through 
the corpus callosum gives rise to butterfl y appearance 
(Figure 35.9). Subependymal spread of GBM can occur and 
is correlated with a poor prognosis. Spread along the neu-
raxis via the CSF is also well documented and, incidentally, 
has been found to have a 6–20% incidence at autopsy series. 
Extracranial metastases of GBMs are very rare and occur 



most commonly in patients after surgery. However, surgery 
is not a prerequisite for extracranial metastatic spread of pri-
mary CNS malignant disease; extraneural metastases have 
been described in patients who had not undergone previous 
surgery. The incidence of symptomatic metastases is cer-
tainly lower than the incidence seen at post-mortem and is 
due to the short survival of the affected patients [24–28].

The vast majority of GBMs are solitary lesions. Multi-
focal or multicentric tumors occur rarely, in only 0.5–1% 
of cases [29]. Multicentric tumors are described as wide-
spread lesions in different lobes or hemispheres, without 
the evidence of possible intracranial spread or microscopic 
connection. On the other hand, those with either gross or 
microscopic continuity are defi ned as multifocal (Figure 
35.10). The most frequent dissemination route in the latter 
group is the meningeal-subarachnoid space, followed by the 
subependymal, intraventricular route and direct brain pen-
etration through white matter tracts [30–32].

Studies of human neoplasms have demonstrated that 
increased malignancy is associated with increased neo-
vascularity. Microvascular proliferation (i.e. angiogenesis) 
is one of the most important criteria for determining the 
malignancy of gliomas. Tumor capillaries not only pro-
vide nutrients for growing tumor cells, but also a route 
for spread and infi ltration far beyond the site of the par-
ent tumor [33]. Angiogenesis is an important parameter in 
assessing the grading of gliomas.

Although MRI is the modality of choice in the evalua-
tion of brain tumors, conventional T1 and T2 sequences, as 
well as post-contrast MRI, failed to discriminate neoplastic 
cells from peritumoral edema and to determine tumor mar-
gins accurately. On the other hand, radiologic grading of 
tumors with conventional MR imaging is not always accu-
rate, with sensitivity in identifying high-grade gliomas rang-
ing from 55.1 to 83.3% [34–37].

The development of techniques capable of accurately 
depicting tumor margins and grades in vivo is important 
for determination of the most appropriate treatment for gli-
omas. The implementation of echoplanar imaging allowed 
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FIG. 35.5. Axial non- (A) and post-contrast (B) CT in a patient 
with glioblastoma multiforme show a thick and nodular ring-like 
enhancing mass with central necrosis. Note also the mass effect 
and the surrounding white matter edema.
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FIG. 35.6. Glioblastoma multiforme. (A) Non-contrast CT 
shows a hypodense mass in the left frontal lobe. (B) Post-contrast 
CT shows a centrally necrotic mass with thin ring-like enhance-
ment. Note also the surrounding mass effect and the midline shift.
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FIG. 35.7. Glioblastoma multi-
forme. (A) Non-contrast CT shows 
a heterogeneous mass in the right 
frontal lobe. (B) After the adminis-
tration of contrast medium, thick and 
irregular ring-like enhancement is 
seen with central necrosis. (C) Axial 
T2-weighted image shows a het-
erogeneous mass with peritumoral 
vasogenic edema extending along 
the adjacent white matter.
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FIG. 35.8. Glioblastoma mul-
tiforme. (A) Non-contrast T1WI 
shows a large cystic left parieto-
occipital tumor with intratumoral 
hemorrhage (arrow). (B) Post-con-
trast T1WI shows irregular ring-like 
enhancement. (C) On T2-weighted 
image the cavitary necrosis shows 
high signal intensity and the solid 
component of the tumor appears 
heterogeneous. Note also the high 
signal peritumoral edema.
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FIG. 35.9. Coronal post-contrast T1-weighted MR image shows 
an enhancing mass extending through the corpus callosum to both 
frontal and parietal lobes (butterfl y GBM).

FIG. 35.10. Axial post-contrast T1-weighted image demon-
strates multiple, nodular enhanced lesions in both hemispheres. 
Biopsy proved multifocal GBM.

the development of advanced imaging techniques such as 
diffusion-weighted imaging (DWI) and dynamic contrast 
enhanced perfusion, providing physiologic information 
that complements the anatomic information available with 
conventional MR imaging. Today, advanced MR imaging is 
a key modality not only for lesion diagnosis, but also 
to evaluate the extension, type and grade of the tumor. 
Additionally, it provides some new insights for neuroradi-
ology practice, such as showing tumor areas before stereo-
tactic biopsy, distinguishing radiation necrosis from tumor 
infi ltration and assessing tumor response to therapy [38–39].

Diffusion-weighted (DW) imaging uses a pair of strong 
magnetic gradient pulses to dephase and subsequently 
rephase protons. Protons with higher diffusion rates show 
a loss of phase coherence and a low MR signal, while pro-
tons with slow or restricted diffusion will largely rephase 
and appear as a high MR signal. The information provided 

refl ects the viability and structure of tissue on a cellular 
level. Quantitative information on restricted diffusion of 
water molecules can be obtained by calculating the appar-
ent diffusion coeffi cient (ADC). DW imaging has proved 
clinically useful in the evaluation of cerebral ischemia, 
infection and tumors [40–42].

The role of diffusion-weighted imaging in patients 
with brain tumors has been investigated. ADCs could pro-
vide useful information in the diagnosis of patients with 
brain tumors, such as tumor malignancy and peritumoral 
infi ltration. Tumor cellularity and tumor grade have been 
correlated with ADC values. Brain neoplasms with higher 
cellularity or higher grades show a signifi cant reduction 



in the value of the apparent diffusion coeffi cient and a 
marked increase in the signal of diffusion-weighted images. 
The low ADC values in tumor probably refl ect a decreased 
volume of extracellular space due to increased tumor 
cellularity and increased intracellular viscosity, with sub-
sequent restriction of water motion. Lower ADCs indicate 
mostly malignant glioma, whereas higher ADCs indicate 
low-grade gliomas (see Figure 35.1F,G) [43–45]. Other inves-
tigators failed to fi nd a signifi cant difference between the 
ADC values of high-grade gliomas and low-grade tumors.

Recently, there has been an effort to defi ne glioma mar-
gins using diffusion tensor imaging. MR diffusion tensor 
imaging (DTI) allows identifi cation and characterization of 
white matter tracts according to the direction and degree 
of their anisotropic water diffusion. Quantifying the degree 
of anisotropy in terms of metrics, such as the fractional 
anisotropy, offers insight into white matter development 
and degradation. There are fractional anisotropy changes in 
the white matter of glioblastomas that might indicate cellu-
lar infi ltration beyond the area of the tumor enhancement. 
Within the tumor center, white matter fi bers are displaced 
by cellular infi ltration and fractional anisotropy is reduced, 

whereas in the periphery and in a narrow rim of white mat-
ter surrounding the tumor, this parameter could preserve 
or even be increased by fi ber compression due to the space 
occupying effect of the tumor (Figure 35.11A–C) [46–48].

Several studies suggest that contrast enhancement 
alone is not suffi cient to predict tumor grade, since 20% 
of low-grade gliomas demonstrate contrast enhancement 
while one third of high-grade tumors do not [49]. Although 
contrast enhancement indicates disruption of the blood–
brain barrier, it is not particularly effective at revealing the 
underlying regional vascularity. Precise determination of 
the regional vascularity is important, given that the degree 
of vascular proliferation is an important parameter for the 
histopathologic grading of gliomas.

The introduction into clinical practice of echoplanar MR 
imaging allowed the estimation of parameters that refl ect 
tissue vascularization. Perfusion-weighted imaging (PWI) 
provides useful information about the microcirculation 
in brain tissue. This technique requires the dynamic (bolus) 
intravenous administration of MR contrast agent. As the 
paramagnetic contrast agent passes through the intravas-
cular compartment, it causes local fi eld inhomogeneities 
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FIG. 35.11. Glioblastoma multiforme. (A) Axial post-gadolinium T1-weighted image shows inhomogeneous contrast enhancement 
of the tumor, located in the left basal ganglia area. (B) On T2-weighted image the tumor appears inhomogeneous surrounded by 
extensive edema. (C) Diffusion tensor based tractography reveals extensive infi ltration and displacement of internal capsule fi bers 
nearby the tumor. (D) Perfusion map demonstrates increased CBV at the center of the tumor (arrow). (E) Signifi cantly elevated choline 
peak (Cho/Cr � 8.51) is shown on a long TE spectra (TE � 135 ms) obtained from the enhancing part of the tumor.
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that result in magnetic susceptibility effects with a decrease 
in signal on multiple repeated T2* images that can be 
measured. This signal drop depends on both the vascular 
concentration of contrast agent and the concentration of 
small vessels per voxel of tissue [40–51]. Changes in signal 
intensity may be used to calculate an image of the relative 
cerebral blood volume (rCBV).

In brain tumors, cerebral blood volume (CBV) maps are 
particularly sensitive for depicting the microvasculature of 
a tumor and therefore its aggressiveness and proliferative 
potential. Several studies have found statistically signifi -
cant correlations between tumor rCBV and glioma grade. 
High-grade gliomas demonstrate higher rCBV values than 
low-grade tumors and the low-grade tumors with contrast 
enhancement present with low rCBV (see Figures 35.11D 
and 35.12) [52–55]. Several studies have shown that low-
grade gliomas (LGGs) have maximal rCBV values of between 
1.11 and 2.14, while high-grade glioma (HGGs) maximal 
rCBV values range between 3.54 and 7.32 [56]. In clinical 
practice, 95–100% sensitivity has been reported for differen-
tiating high-grade from low-grade gliomas using thresholds 
of 1.75 and 1.5 for rCBV respectively. CBV measurements 
can also be used to reduce the sampling error in the his-
topathologic diagnosis of gliomas, improving the selection 
of targets for stereotactic biopsy. High CBV areas represent 
the best stereotactic biopsy site for accurate grading of 
astrocytomas [57,58].

MR spectroscopy (MRS) is a non-invasive technique 
that allows in vivo measurements of certain tissue metab-
olites. By suppressing water signal, the relative concentra-
tions of non-water, proton-containing metabolites from 
discrete tissue regions can be quantifi ed. There is certainly 
compelling evidence that MR spectroscopy provides impor-
tant supplementary information to that of conventional MR 
imaging. In normal brain, the principal metabolite signals 
that can be measured by MRS are choline (Cho), creatine 
(Cr), N-acetylaspartate (NAA) and lactate (Lac) [59,60].

Each metabolite resonates at a specifi c frequency 
(ppm) and each one refl ects specifi c cellular and biochemi-
cal processes.

Choline is a cell membrane marker. The increase in Cho 
in simple terms is attributed to cell membrane turnover 

and proliferation. An elevation in Cho may be due to either 
cell membrane synthesis, destruction or both. Cho is most 
prominent in regions with high neoplastic cellular den-
sity and is progressively lower in moderate and low-grade 
tumors. Some highly malignant tumors and some GBMs 
may show low Cho because of extensive necrosis [61–63].

Cr is a marker of ‘energy metabolism’ and is reduced in 
tumors due to the increased metabolic activity of tumors 
consuming energy. NAA is a marker of neuronal density 
and viability and it is generally felt to be neuron specifi c. 
The decrease in NAA represents the replacement of nor-
mal functioning neurons and axons by any disease that 
adversely affects neuronal integrity [60,61].

Lactate is a product of anaerobic glycolysis and is 
present only in minute amounts in normal brain. It appears 
when tumors outgrow their blood supply and start utilizing 
anaerobic glycolysis. Lactate levels increase signifi cantly in 
necrotic and cystic tumors.

Lipids are products of brain destruction and are found 
in necrotic portions of tumors. Myo-inositol is a glial cell 
marker and osmolyte hormone receptor mechanism. The 
basic metabolite changes common to brain tumors include 
elevation in choline (Cho), lactate (Lac), lipids (L), decrease 
in N-acetylaspartate (NAA) and decrease in creatine (Cr) 
(see Figures 35.1H,I and 35.11E). As a general rule, as malig-
nancy increases, NAA and creatine decrease and choline, 
lactate and lipids increase. Myo-inositol can also be used 
to differentiate LGGs and HGGs. LGGs express higher 
levels of myo-inositol compared with HGGs. This may 
be due to the lack of activation of phosphatidylinositol 
metabolism resulting in accumulation of myo-inositol in 
LGGs [64–66].

There is extensive literature demonstrating the metab-
olite ratios of Cho/Cr, NAA/Cr, NAA/Cho, Cho/NAA and the 
presence of lipids and lactate to be useful in grading tumors 
and predicting tumor malignancy.

A signifi cant difference is noted in several investigations 
in Cho/Cr, Cho/NAA and NAA/Cr ratios for differentiat-
ing between low- and high-grade gliomas. Law et al dem-
onstrated a threshold value of 1.56 for Cho/Cr to provide 
sensitivity, specifi city, and positive and negative predic-
tive values of 75.8%, 47.5%, 81.2% and 39.6%, respectively, 

FIG. 35.12. High-grade astro-
cytoma presents with rim enhance-
ment pattern on post-gadolinium 
T1-weighted axial image (A), while 
on perfusion color map demonstrates 
increased rCBV (B-left). Time-intensity 
curve shows signifi cant signal drop 
in the area of the tumor as opposed 
to normal contralateral white matter, 
indicative of high-grade tumor.
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for the determination of high-grade gliomas versus a low-
grade glioma. In the same study, a threshold value of 1.6 
for Cho/NAA provided 74.2%, 62.5%, 85.6% and 44.6% for 
the sensitivity, specifi city and positive and negative predic-
tive values, respectively, for determination of high-grade 
gliomas [67].

The differential diagnosis of GBM includes abscess, 
metastasis, lymphoma and tumefactive multiple sclerosis 
(MS). Brain abscess remains a diagnostic challenge because 
the presenting clinical manifestations and neuroradiologic 
appearances are often non-specifi c. Imaging fi ndings help-
ful in differential diagnosis include a thin wall with ring-like 
enhancement that is often thinner along the medial mar-
gin, daughter rings and hypointense rim on T2-weighted 
images (Figure 35.13A,B) [68,69].

Most studies have reported increased ADC values in 
necrotic component of tumors as opposed to abscesses. 
Noguchi et al found that the necrotic components of tumors 
had ADC values in the range of 2.2–3.2 � 10�3 mm2/s, 
in contrast to abscesses that had ADC values of less 
than 0.7 � 10�3 mm2/s [70]. In another study, the calcu-
lated ADC values of the enhancing component of GBM 

were in the range of 0.78 � 10�3 to 1.79 � 10�3 (mean 
1.14 � 10�3) (see Figure 35.13C,D) [71]. However, there are 
reported cases of tumors demonstrating marked hyper-
intensity on DW-MRI with extremely low ADC values in 
the necrotic centre, similar to what has been reported 
for abscesses. Restricted diffusion within these lesions 
could be due to a variety of causes, including intratu-
moral hemorrhage, cytotoxic edema in the early phase 
of cell death, thick sterile liquefaction or pyogenic 
superinfection [72–75].

MR spectroscopy can also non-invasively contribute 
to the establishment of the differential diagnosis between 
tumors and abscesses. The spectrum of the abscess cavity 
shows elevation of lactate, acetate, succinate, alanine and 
some amino acids and this spectrum appears signifi cantly 
different from that of necrotic or cystic brain tumor [76].

Intracranial metastases and primary malignant gliomas 
are two common brain tumors encountered in adults. The 
management of these two tumors is different and can poten-
tially affect the clinical outcome. When the clinical fi ndings 
are non-specifi c, conventional MR imaging characteristics 
may be similar and unable to differentiate the two entities.
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FIG. 35.13. Diffusion study in a patient with brain abscess. (A) Axial T2-weighted image shows a well defi ned lesion with hypoin-
tense rim and perilesional edema. (B) Post-gadolinium T1-weighted image demonstrates ring like enhancement. (C) Diffusion weighted 
image (b � 1000 mm2/s) shows high signal intensity within the lesion, while the same area in the corresponding (D) ADC map 
presents with low signal intensity due to restricted diffusion.
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Diffusion-weighted imaging techniques can be helpful 
in distinguishing solitary intra-axial metastatic lesions from 
high-grade gliomas. Studies showed that both contrast 
enhancing portions and peritumoral edema of metastasis 
have higher ADC than high-grade gliomas. However, the 
distinction between metastases and high-grade gliomas is 
often diffi cult to make based on ADC values, as some high-
grade gliomas also exhibit high ADC values [73,77–80].

Perfusion MR imaging and spectroscopy may also 
be used to differentiate high-grade primary gliomas and 
solitary metastases. Law et al found signifi cant difference 
between the mean rCBV value within the peritumoral 
region in high-grade gliomas, which was 1.31 � 0.97, sug-
gesting increased peritumoral perfusion due to tumor 
infi ltration, and the mean rCBV surrounding metastatic 
tumors which was 0.39 � 0.19, consistent with compres-
sion of capillaries by vasogenic edema (Figure 35.14) [81]. 
No difference has been demonstrated between the intra-
tumoral rCBV values of high-grade gliomas, and metas-
tases. In the same study, they have found elevated Cho/Cr 
(2.28 � 1.24) in the peritumoral regions of high-grade glio-
mas in keeping with tumoral infi ltration. No increase in the 
Cho/Cr (0.76 � 0.23) was found in the peritumoral region of 
metastases, which again suggests vasogenic edema (Figure 
35.15). In the same study, there was also no signifi cant dif-
ference in the peritumoral NAA/Cr between the two groups 
because there is no neuronal replacement or destruction in 
the peritumoral region of either pathologic condition.

The differential diagnosis of primary CNS lymphoma 
(PCNSL) from malignant astrocytoma can be based on the 
periventricular and deep gray matter location of lymphoma 
and on hypo- or isointensity of PCNSL on T2-weighted 
images while high-grade glioma shows high signal inten-
sity. On post-contrast T1-weighted images PCNSL show 
intense homogeneous enhancement (Figure 35.16A,B). 
However, less commonly PCNSL may be hyperintense on 

T2-weighted images and may show ring-like enhancement, 
especially in immunocompromised patients. In these cases, 
it can be diffi cult to distinguish PCNSL from high-grade gli-
oma on the basis of conventional MR imaging features.

Diffusion weighted imaging techniques showed that 
the mean ADC value in lymphomas is lower than that of 
high-grade gliomas refl ecting the increased cellularity 
of lymphomas (see Figure 35.16C,D) [82–83]. Neovascu-
larization is absent in PCNSLs, in contrast to high-grade 
gliomas, therefore perfusion weighted images can also 
be used to distinguish the two entities. The lower rCBV 
values of PCNSLs may be helpful in differentiating from 
other brain tumors such as high-grade gliomas (see Figure 
35.16E)[84].

The MR spectrum of PCNSL is characterized by 
increased Cho, lactate and lipids and is associated with 
decreases in NAA, Cr and myo-inositol levels. The latter 
metabolite pattern can also be found in malignant astro-
cytomas. However, if the analysis of the solid portion of the 
tumor shows a signifi cant increase in lipids, it is probably 
lymphoma [85].

The conventional MRI features of tumefactive MS 
may mimic that of high-grade gliomas. Both lesions may 
show variable contrast enhancement, perilesional edema, 
mass effect and central necrosis. The pathologic difference 
between tumefactive MS and high-grade gliomas is the 
absence of angiogenesis in MS, which demonstrates low 
rCBV values, as opposed to gliomas that are characterized 
by neovascularization and angiogenesis resulting in a sig-
nifi cant elevation of rCBV [86].

In spectroscopy, there is some overlap between tume-
factive MS and high-grade gliomas. There is Cho elevation 
in MS from astrogliosis, demyelination and infl ammation, 
lactate is found from anaerobic glycolysis and decrease of 
NAA from neuronal and axonal damage. However, NAA/Cr 
ratio is higher in both the enhancing and central regions 

FIG. 35.14. Perfusion study in a patient with brain metastasis. (A) Axial FLAIR and (B) post-gadolinium T1-weighted images show an 
enhancing lesion surrounded by extensive edema. (C) Time-intensity curves demonstrate signifi cantly higher signal drop at the site of the 
enhancing rim (red) as opposed to normal contralateral brain tissue (cyan). Note that the central area (yellow) of the lesion presents with lower 
signal drop, while in the area of perilesional edema (green) there is no signal drop due to capillaries compression by vasogenic edema.
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FIG. 35.15. Brain metasta-
sis. (A) Axial post-gadolinium 
T1-weighted image shows focal 
areas with intense enhance-
ment and a low signal intensity 
peritumoral edema. (B) Long TE 
(135 ms) spectra obtained from 
the enhancing lesion shows ele-
vation of Cho and decrease of 
NAA, while in (C) peritumoral 
edema Cho is within the normal 
range. (D) Cho/Cr map demon-
strates focal increase at the site 
of enhancing lesion (red color) 
while normal Cho/Cr is noted in 
the peritumoral areas.
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FIG. 35.16. Primary cerebral lym-
phoma. (A) Non-contrast T1-weighted 
image shows an isointense mass 
involving the genu of the corpus cal-
losum. (B) After the administration 
of contrast medium the mass shows 
intense enhancement. (C) On diffusion 
weighted image (b � 1000 mm2/s) 
the tumor shows high signal intensity 
while on the ADC map (D) exhibits 
low signal intensity due to restricted 
diffusion(arrowhead). (E) On per-
fusion color map the tumor and the 
adjacent edema demonstrate low CBV 
values.
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in MS. Hence, the combination of reduced perfusion and 
moderate NAA reduction can help differentiate tumefactive 
MS from high-grade gliomas [87,88].

Post-therapeutic MR examinations are used routinely 
to differentiate therapy-induced necrosis from residual or 
recurrent tumor. On conventional MRI, abnormal contrast 
enhancement on post-contrast T1-weighted images and the 
pattern of hyperintensity on T2-weighted images are used 
to discriminate these entities. Features that are inspected 
for assessment of tumor progression are regions of abnor-
mal contrast enhancement on post-contrast T1-weighted 
images and the volume of hyperintensity on T2-weighted 
images. Other certain conventional MR imaging fi ndings 
suggesting predominant glioma progression are corpus cal-
losum involvement, conjunction with multiple enhancing 
lesions without crossing of the midline and subependymal 
spread [89]. Although such morphologic changes are indic-
ative of the existence of the disease, it is often diffi cult to 
determine whether an enhanced lesion represents tumor 
recurrence or not, especially when the enhancement is ini-
tially observed.

Perfusion MR imaging may be helpful for differentiating 
recurrent tumors from post-therapeutic necrosis. Elevated 
rCBV values most likely represent recurrent tumor while 
decreased rCBV values are likely to represent radionecrosis 
due to vascular injury (Figure 35.17). Studies found that if 
the rCBV ratio of enhancing lesion is more than 2.6 or less 
than 0.6 tumor recurrences or radiation necrosis should be 
strongly suspected, respectively [90].

MRS has a signifi cant clinical impact on post-
treatment evaluation of intracranial neoplasms and it is 
useful to identify recurrent tumor earlier than conventional 
MRI and differentiate residual or recurrent tumor from 
post-treatment abnormality. Evidence of radiation necrosis 

is typically observed within 3–6 months after therapy and is 
characterized by decreases in Cho, Cr, NAA and increased 
lipid and lactate levels. On the other hand, elevated Cho 
levels and greater Cho/NAA ratio suggest tumor recurrence 
(Figure 35.18).

Increases in lipid and lactate levels are less specifi c 
than elevated Cho levels because they may result from both 
tissue necrosis and radiation-induced necrosis. Follow up 
of these lesions is crucial for accurate diagnosis [91].

GLIOSARCOMA
Gliosarcoma (WHO grade IV) is a rare tumor composed 

of glial and sarcomatous components. The glial component 
usually demonstrates the typical features of GBM. Although 
oligodendroglial cells are occasionally recognized, in most 
cases, the glial cells are astrocytic, with a tissue pattern of a 
GBM. As expected, heterogeneity is a feature of the glial com-
ponent. Additional variation is recognized in the mesenchy-
mal component. Malignant fi brous histiocytoma is the most 
frequent sarcomatous component. Fibrosarcoma, smooth 
and striated muscle sarcoma, as well as bone or cartilagi-
nous sarcoma may also be found [92–94]. Gliosarcomas are 
peripherally located and involve the temporal, parietal and 
occipital lobes [95–97]. Posterior fossa gliosarcomas have 
also been reported. Radiation induced gliosarcoma may 
appear at the site of a treated intracranial neoplasm [95,98]. 
Most patients with gliosarcoma are in their fi fth to seventh 
decades. Extracranial metastasis of the sarcomatous com-
ponent is common, occurring in 15–30% of all gliosarcomas 
[93,99].

On plain CT, most tumors appear as slightly hyper-
dense lesions because of their high vascularity and cellu-
larity. After the contrast administration, gliosarcomas show 

FIG. 35.17. High grade astrocytoma reccurence. (A) 
Postoperative axial post-gadolinium T1-weighted image shows 
inhomogeneous peripheral enhancement. (B) Perfusion map dem-
onstrates two foci (arrows) with increased CBV indicating tumor 
recurrence.

A B

FIG. 35.18. Glioblastoma multiforme reccurence. (A) 
Postoperative axial post-gadolinium T1-weighted image demon-
strates enhanced areas in a patient who underwent radiation 
treatment. (B) Cho/Cr color metabolite map reveals a focal area 
(red spot) with elevated Cho/Cr value, indicating tumor recur-
rence. The remaining enhancing tissue presents with low Cho/Cr 
values refl ecting radiation necrosis.
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FIG. 35.19. Gliosarcoma. (A) Axial T1WI shows a hypointense lesion with intratumoral vessels (arrows). (B) On axial T2WI the 
mass as well as the adjacent edema (arrows) shows high-signal intensity. (C) On axial post-contrast T1WI the tumor shows intense 
homogeneous enhancement. Note the close relation of the mass with the dura that is enhanced in a way mimicking meningioma 
(arrow). (From Imaging of brain tumors with pathological correlations. A.Drevelegas (ed.) With kind permission of Springer Science 
and Business Media.)
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INTRODUCTION
Astrocytic neoplasms include a group of central nerv-

ous system tumors derived from astrocytic cells which vary 
in degree of malignancy, location and degree of infi ltration. 
A variety of tumor types comprise this set of tumors which 
affect different locations, age groups and gender distribu-
tions [1,2]. Astrocytomas can be divided into infi ltrative types 
(75%) and non-infi ltrative types (25%). Non-infi ltrative astro-
cytomas include pilocytic astrocytomas, pilomyxoid astro-
cytomas, pleomorphic xanthoastrocytomas, subependymal 
giant cell astrocytomas and desmoplastic cerebral astrocy-
toma of infancy [3–6]. Infi ltrative astrocytomas include ana-
plastic and well-differentiated types [1,2].

The differentiation of low-grade from high-grade astro-
cytomas relies on certain histopathologic features. These 
include cellularity, nuclear atypia, mitotic activity, necro-
sis and vascular endothelial proliferation. According to 
the Mayo-St. Anne’s system of astrocytoma grading, the 
presence of any mitotic fi gures, necrosis or vascular pro-
liferation place a tumor in the high-grade category [7]. 
Low-grade astrocytomas are differentiated from reactive 
astrocytes or normal brain tissue based on cellularity and 
size of abnormal astrocytes [1,2,7]. Furthermore, a diverse 
pattern of genomic lesions can lead to the transformation 
of low-grade astrocytomas into higher tumor grades [8]. 
After reviewing imaging methods which can potentially 
distinguish low- from high-grade astrocytomas, this chap-
ter reviews the imaging characteristics of individual types 
of low-grade astrocytomas.

PHYSIOLOGIC IMAGING
Many imaging modalities have been employed in 

recent years in an attempt to differentiate non-invasively 
high- or low-grade gliomas. Hydrogen proton magnetic res-
onance spectroscopy (MRS), positron emission tomography 
(PET) imaging, cerebral blood volume (CBV) mapping and 
single-photon emission computed tomography (SPECT) 
are all modalities which have been employed towards this 
end. Contrast enhancement is often associated with more 
aggressive tumors, however, this is not always the case (9).

MRS can be used to quantify various metablolites 
within a sample of tumor tissue. These metabolites include 
N-acetylaspartate (NAA), a neuronal marker, choline, a 
cell membrane component, lactate, a marker for glycoly-
sis and necrosis, creatine, a marker for energy metabolism 
and myo-inositol, a metabolite that is primarily found in 
astrocytes and has been shown to be more abundant in 
low-grade gliomas relative to higher-grade gliomas [10]. 
Hydrogen MRS of brain tumors has been studied for over a 
decade now [11]. In general, primary brain tumors demon-
strate reduced levels of NAA and increased levels of choline 
relative to normal brain tissue. Elevated choline levels are 
thought to represent areas of increased tumor cellularity 
and proliferative activity [12–16], whereas decreased NAA 
is thought to represent decreased neuronal density and 
viability found in gliomas [13,14]. Elevated levels of lactate 
have been identifi ed in higher-grade tumors, whereas no 
elevation of lactate peak has been associated with low grade 
tumors [17,18]. There is confounding evidence to support 
that lactate may not be as accurate an indicator of malig-
nancy, however [15,19].

Contrast reagents have been used to characterize brain 
tumors. Enhancement of tumors has been shown to depend 
on the degree of disruption of the blood–brain barrier as 
well as tumoral microvascularity. Histologic studies demon-
strate that astrocytomas can infi ltrate well past the margins 
of enhancement [20]. The extent and pattern of enhance-
ment can vary depending on the type of contrast agent 
used, the use of corticosteroid, pulse sequence used, dos-
age of contrast reagent used and fi eld strength [21–23]. As 
fi eld strength increases both T1 and T1 shortening increase. 
As a result the degree of contrast enhancement increases 
as well. Tumor to brain contrast after gadolinium adminis-
tration at 3 T imaging compared to 1.5 T has been shown to 
be signifi cantly higher [24]. Contrast-to-noise ratio (CNR) 
has been shown to be 2.8 times higher than at 1.5 T the 
same contrast dosing, and 1.3 times when using half the 
contrast dose at 3.0 T and full dose at 1.5 T. Extent of con-
trast enhancement increases with contrast dose [25]. The 
time course of MR imaging following contrast administra-
tion affects signal intensity. Peak signal intensity occurs at 
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25–35 minutes, however, there is no signifi cant change that 
occurs after 5 minutes. It is generally accepted that contrast 
enhanced MR imaging brain tumors should not begin until 
2–5 minutes after contrast administration [26]. Comparison 
of gadolinium dimeglumine versus gadopentate dimeglu-
mine contrast reagents in a multisite study has shown that 
gadopentate was superior in both qualitative and quantita-
tive assessments of brain to tumor contrast [27]. Contrast 
enhancement has been shown to occur in 20% of low-grade 
gliomas, whereas lack of contrast enhancement gives a two 
in three chance of low tumor grade [22,23]. As a result alter-
nate imaging methods predictive of tumor grade have been 
studied.

Dynamic MR imaging studies attempt to character-
ize tumor vascular dynamics by imaging differences in 
the signal intensity of a tumor as contrast reagents course 
through the vascular bed using T1-weighted, T2-weighted 
and T2*-weighted techniques. Contrast leakage across a 
vascular bed is infl uenced by vascular permeability, con-
trast binding within the vascular bed, hematocrit and con-
trast reagent concentration within the blood. The choice 
of post-processing methods infl uences the signal-to-noise 
ratio and the overall precision and accuracy obtained with 
dynamic contrast imaging [28]. This information can then 
be used to study the cerebral blood volume, blood fl ow, 
blood–brain barrier permeability and water exchange 
kinetics of the neoplasm relative to normal brain tissue. 
Of these parameters, relative cerebral blood volume map-
ping has received the most attention in characterizing 
tumor grade. These methods have been used as surrogate 
markers for microvascularity. Relative cerebral blood vol-
ume (rCBV) mapping uses MRI perfusion imaging tech-
niques in order to construct a map of the relative perfusion 
of blood within the brain. Animal studies have indicated 
that rCBV corresponds to vascular concentration of contrast 
agent [29,30]. Areas of low rCBV within a tumor, compared 
to normal white matter or gray matter, have been suggested 
to correlate with lower tumor grade whereas areas of higher 
perfusion correlate with higher grade [29,30]. As a result 
surgical biopsies may be directed toward more aggressive 
areas of the tumor using this information. MR rCBV maps 
have also been shown to correlate with vascular endothe-
lial growth factor (VEGF) expression in non-enhancing 
gliomas and tumor grade [21]. Finally, rCBV measurements 
have been shown to assist in identifying low-grade gliomas 
that are either high-grade gliomas misdiagnosed as a result 
of sampling error, or low-grade gliomas undergoing trans-
formation to a higher grade [31]. Vessel permeability within 
the vascular bed of an astrocytoma has been suggested to 
relate to the presence of vascular endothelial growth factor 
and angiogenesis [32]. Indeed, dynamic contrast enhance-
ment methods using T1 and T2* techniques have been used 
to assess vascular permeability within a tumor bed and 
have been shown to correlate to tumor grade as well [33]. 
It is noteworthy, that although use of corticosteroids is 

known to affect peritumoral edema, blood fl ow within 
edematous tissue and contrast enhancement, the infl uence 
of dexamethasone use on blood fl ow within enhancing 
tumor bed may not be signifi cant [34].

Diffusion-weighted imaging (DWI) techniques have 
allowed insight in characterizing tumor behavior. Isotropic 
DWI characterizes diffusion in three directions. Diffusion 
tensor imaging is able to display and quantify the relation-
ship between intra-axial tumors and adjacent white matter 
fi ber tracts in multiple directions. This method allows the 
post-processed formation of diffusion tractography, which 
has been shown to display tumor white matter infi ltration 
patterns. Preoperative identifi cation of the anatomic rela-
tionship between the neoplastic tissue and eloquent corti-
cal and white matter regions may assist the surgeon when 
planning the extent to which a brain tumor can be removed 
and preserve functionality. It has been hypothesized that 
identifi cation of these patterns may be able to differentiate 
tumor types [35]. DWI provides information on diffusion of 
water within the tumor bed and can be used to calculate the 
apparent diffusion coeffi cients within regions of interest. 
The DWI appearance of a tumor has been suggested to be 
infl uenced by tumor cellularity and total nuclear area and 
can thus have the potential to assist in the characteriza-
tion and grading of brain tumors [36]. High-grade gliomas 
have been reported to be associated with decreased appar-
ent diffusion coeffi cient (ADC) values. Although in theory 
ADC values may assist the differentiation of high- from 
low-grade astrocytomas or help distinguish non-gliomatous 
tumors from metastases or lymphoma, this has not always 
been shown to be consistently reliable [36]. Some authors 
suggest that ADC maps can help determine the extent of 
tumor invasion, however, this remains controversial. Some 
preliminary evidence indicates that ADC mapping may 
help in the assessment of brain tumor response to therapy 
and differentiate radiation necrosis from tumor recurrence 
[36]. Fractional anisotropy (FA) is a measure of water diffu-
sion favoring one direction over others. Because FA values 
differ depending on location, they are compared to simi-
lar regions of interest in the normal appearing brain in the 
contralateral hemisphere. Unlike ADC values, FA values 
have been shown to differ in peritumoral signal abnor-
mality associated with infi ltrating tumors such as gliomas 
when compared to non-infi ltrating tumors such as menin-
giomas [37]. Although FA values have been found to be low 
within the tumor beds of both high- and low-grade gliomas, 
interrogation of the central portion of the tumor compared 
with the peripheral portion of the tumor appear to differ 
slightly in low- but not high-grade gliomas [38]. This sug-
gests greater disorganization within the peripheral portion 
of tumor bed of high-grade gliomas than low-grade gliomas. 
It is critical to point out that measurements obtained via 
diffusion-weighted imaging methods could potentially be 
infl uenced by therapeutic effects such as radiation, chemo-
therapy and steroid use.



PET imaging has also been used to separate high- 
from low-grade tumors by distingushing hypometabolic 
from hypermetabolic tumors. Metabolic activity within 
brain tumors using PET has been studied extensively with 
a large number of markers. Applications include meas-
urement of blood fl ow, blood volume, oxygen use, glucose 
use, glucose transport, amino acid uptake, protein synthe-
sis, blood–brain barrier integrity, cerebral pH, membrane 
metabolism and nucleic acid synthesis [39]. Tumor grade 
has been studied by either measuring glucose uptake using 
18F-fl uoro-deoxyglucose (FDG) or amino acid uptake by 
using 11C-methylmethionine. Low-grade gliomas demon-
strate normal or lower glucose or amino acid uptake relative 
to normal brain tissue [11,13,39]. PET imaging of astrocy-
tomas with FDG has been shown to be predictive of tumor 
progression and able to differentiate tumor recurrence from 
radiation necrosis. More recently PET imaging with VEGF 
has been shown to be a promising agent which may be able 
to demonstrate angiogenesis in a manner which differs 
from relative cerebral blood volume mapping which corre-
lates with microvascularity [40].

SPECT imaging of brain tumors has been studied 
predominantly with thallium-201 (201-Tl) and technetium-
99m hexamethyl propyleneamine oxime (99mTc- HMPAO). 
Because thallium behaves biologically like potassium, 
imaging of 201-thalium can act as a marker for the func-
tion of the sodium-potassium pump. Thallium can thus act 
as a measure of metabolic activity. Using the ratio of 201-
thallium uptake in the tumor in question relative to normal 
brain has been used to predict which tumors are low-grade 
[41,42]. Furthermore, thallium can be used to differentiate 
tumor necrosis from recurrent tumor [41]. 99mTC-HMPAO 
can act as a measure of tissue perfusion. Much like per-
fusion MRI, tumor recurrence shows an increased uptake 
of 99mTc-HMPAO and can help increase the accuracy 
of 201-Tl-SPECT differentiation of recurrent tumor from 
radiation necrosis.

WELL DIFFERENTIATED DIFFUSE 
INFILTRATIVE ASTROCYTOMA

Well differentiated diffuse infi ltrative astrocytomas 
represent WHO classifi cation grade II astrocytomas [1,2] 
and comprise approximately 25% of all gliomas. They are 
characterized by a high degree of cellular differentiation 
located in an environment of neuroglial fi brils and are often 
accompanied by degenerative microscopic cysts. Mean age 
at presentation is 34 years with a slight male predilection. 
Approximately 10% occur under the age of 20 and 30% over 
the age of 45 [2]. The most frequently encountered subtype 
is the fi brillary astrocytoma. Other subtypes include the 
gemistocytic astrocytoma which requires a minimum 20% 
fraction of gemistocytic astrocytes and may be associated 
with large cysts and particularly prone to transformation 
to higher grade. The protoplasmic astrocytoma is a rare 

variant with low cellular activity, with frequent mucoid 
degeneration and microcyst formation.

On macroscopic examination these tumors have a fi rm 
rubbery consistency, which expands the involved brain, 
sometimes containing calcifi cations. Macroscopic cysts and 
microcysts can occur with these tumors and, if extensive, 
may give them a gelatinous appearance [2]. They infi ltrate 
adjacent and distant brain irrespective of histologic grade 
and often have a tendency to progress to a more malig-
nant phenotype. Progression to higher grade (Figure 36.1) 
can result from a variety of pathways, including the over-
expression of proteins involved with cellular proliferation, 
the inactivation of genes responsible for apoptosis and the 
deregulation of the normal cell cycle [8]. Markers for prolif-
erative activity such as MIB-1 index and molecular markers 
such as p53 overexpression have been found useful in pre-
dicting which low-grade diffuse astrocytomas will transform 
into higher grades [2,8,43].

They most frequently arise from the supratentorial 
brain and the brainstem. Supratentorial location is the 
most frequent location in all age groups and they have a 
special predilection for the frontal and temporal lobes [2]. 
Brainstem involvement, is the second most frequent site 
of involvement but more frequently seen with children. 
Cerebellar location is rare. Brainstem location is often asso-
ciated with poorer prognosis (Figure 36.2), in part due to 
limited ability to completely resect tumors in such loca-
tions. Tectal plate lesions often produce symptoms earlier 
due to the potential to obstruct the aqueduct of Sylvius and 
produce hydrocephalus. In this location, low-grade astro-
cytomas can be distinguished from other lesions, such as 
hamartomas, based on size, with most lesions under 4 ml in 
size tending to be hamartomas, whereas most lesions over 
10 ml volume tend to be neoplastic [44].

On imaging these tumors appear homogeneous. They 
can be diffi cult to detect on CT and may manifest with 
only a slight density difference and usually do not enhance 
(see Figure 36.1). MRI is more sensitive than CT in detect-
ing these tumors [11,45–47]. It has been well documented 
that these tumors may extend well beyond the margins of 
the tumor as identifi ed on MR [48–50]. Indeed, a thresh-
old cellular density has been calculated in determining the 
detectability of these tumors on MRI [51]. They display a low 
signal on T1WI and a higher signal on T2WI with little or no 
enhancement following gadolinium administration, how-
ever, because contrast enhancement has been reported in 
up to 40% of cases, it is not thought to be a reliable marker 
for high histopathologic grade [43,48,52]. CT reveals tumoral 
calcifi cations in 20% of cases whereas none are identifi ed on 
MRI [43,53]. Well differentiated diffuse astrocytomas may 
spread to gray matter and may have cystic foci on imaging, 
but typically lack peritumoral edema and have nearly no 
mass effect [47,48]. When the tumor infi ltrates the cortex it 
may be confused with infarction or cortical based tumors 
such as oligodendroglioma or ganglion cell tumor.
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Imaging has been shown to have the potential to predict 
progression of WHO grade II astrocytomas to higher grades 
or poor outcome. Larger tumor volumes and involvement of 
more than one lobe as depicted on T2 MRI have been shown 
to be associated with worse outcomes and transformation 
to higher grades [54]. In a study of 35 patients, relative cer-
ebral blood volume maps were shown to predict progres-
sion as an adjunct to histopathologic fi ndings [55]. Higher 
relative cerebral blood volumes are thought to be associ-
ated with microvascularity and predictive of angiogenesis. 
Inconsistencies between histopathology and dynamic sus-
ceptibility contrast enhanced MRI may be attributable to 
misdiagnosis or sampling error on biopsy.  In a study of 25 
patients, fi brillary WHO grade II astrocytomas associated 
with higher regional cerebral blood volumes were shown 
to be associated with earlier recurrence following fraction-
ated stereotactic radiotherapy relative to those with lower 
regional cerebral blood volumes (Figure 36.3) [56]. Sudden 
change in contrast enhancement may be an indication 

A B

FIG. 36.2. Brainstem well differentiated diffuse astrocytoma. 
A 43-year-old male patient presenting with diffi cult swallowing, 
weakness and tremors was found to have a WHO grade II astrocy-
toma which involved the right middle cerebellar peduncle and the 
medulla oblongata. The tumor did not enhance following gadolin-
ium administration (A) and is better depicted on the T2 weighted 
MRI (B) (arrowheads).

FIG. 36.1. Anaplastic transformation of low grade astrocytoma. A 61-year-old female patient who presented with aphasia was 
discovered to have a WHO grade II astrocytoma involving left temporal and parietal lobes. The lesion did not enhance on gadolinium 
MRI (A) but demonstrates extensive signal abnormality along on FLAIR MRI (B). The tumor is much less conspicuous on a contrast 
enhanced CT of the head (C). She underwent conformal radiation and chemotherapy. One year later the imaging characteristics of 
the tumor changed. The tumor enhanced (D), but the extent of the signal abnormality on FLAIR MRI did not change signifi cantly (E). 
There was some hypodensity noted on CT within the tumor bed (F). Three months later the tumor showed signifi cant progression on CT 
(G) and the patient died shortly thereafter.
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of conversion to higher grade (Figure 36.1) or radiation 
necrosis.

NON-INFILTRATIVE DIFFUSE 
ASTROCYTOMAS

These tumors are relatively well circumscribed when 
compared to diffuse astrocytomas. In general they have a 
good prognosis. Several subtypes have been defi ned.

Pilocytic Astrocytoma
Pilocytic astrocytomas usually present in the fi rst two 

decades of life. They often arise from the hypothalamus, 

optic nerve, optic chiasm, brainstem, cerebellum or, less 
commonly, in the cerebral hemispheres. They are included 
in the few tumors that characteristically arise from the cor-
pus callosum. These tumors are classifi ed as WHO type I 
neoplasms, classically composed of compact and spongy 
tissue. The name ‘pilocytic’ (directly translated as ‘hair 
cell’) is derived from the long hair-like projections originat-
ing from the neoplastic astrocytes. Spongiform tissue con-
tains microcysts. Pilocytic astrocytomas are slow growing 
and have been found to stabilize spontaneously or regress. 
Microvascular proliferation is a frequent feature of pilocytic 
astrocytomas and accounts for the contrast enhancement 
accompanying these tumors on cross-sectional imaging. 
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FIG. 36.3. Exophytic low grade astrocytoma near the foramen of Monro. A 35-year-old male who presented with headaches and 
nausea was found to have a mass on MRI (arrowheads A) associated with ventriculomegaly. It did not enhance (A) and appeared to 
arise from the region of the foramen of Monro. Its lack of enhancement and heterogeneity suggested against most tumors that typically 
occur in this location such as subependymal giant cell astrocytoma and central neurocytoma. Subependymomas, although they do not 
enhance and can have a similar appearance, are unusual in this age group. T2 echo planar perfusion studies with cerebral blood 
volume maps (C) and regions of interest (D) depicted on time activity curves (E) indicate low microvascularity suggestive of low-grade 
neoplasm. Biopsy revealed WHO grade II diffuse astrocytoma on MRI.
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Other histopathologic features which may accompany 
this tumor include Rosenthal fi bers, eosinophilic granular 
bodies and ganglion cells. Rosenthal fi bers represent fi la-
ments found in the cell processes of these tumor cells, but 
can also be seen with reactive astrogliosis. The presence of 
esosinophilic granular bodies in these tumors is considered 
an important marker for low-grade neoplasms such as this 
one. These tumors exhibit a paucity of consistent genetic 
abnormalities predictive of outcome [8]. It is, however, 
interesting that these tumors may display abnormalities on 
chromosome 17 on the same region as neurofi bromatosis 
type 1 (NF1) gene and patients with NF1 have a higher inci-
dence of pilocytic astrocytomas [57]. Pilocytic astrocytomas 
may spread locally but are occasionally found to spread via 
CSF [3,43,58]. Malignant transformation has been reported 
with pilocytic astrocytomas. The acquisition of histopatho-
logic features suggestive of malignant transformation, 
such as multiple mitoses per high power fi eld or palisading 
necrosis, has been reported to occur, however, the outcome 
is not always grim in such cases [3]. Indeed, proliferative 
indices such as MIB-1, ranging up to 4%, and TP53 genetic 
mutations which have been shown to have poor a progno-
sis in diffuse astrocytomas, do not have the same implica-
tion for pilocytic astrocytomas [3].

On cross-sectional imaging they are identifi ed as well 
circumscribed tumors (Figures 36.4–36.8). Classically, they 
present as a cystic tumor with an enhancing mural nod-
ule (Figures 36.4 and 36.5). Cystic components are identi-
fi ed in approximatlely 68% of cases and may develop on 
follow-up exam (Figure 36.4). In general, chiasmatic loca-
tion is associated with a lesser incidence of cyst formation 
(Figure 36.7). On CT, the solid component of the tumor 
typically appears hypodense (43%) or isodense (51%) or, 
less commonly, hyperdense (6%). Calcifi cations have been 
reported in approximately 11% of CT cases (Figure 36.6). 
On MRI, they present as well circumscribed tumors (96%) 
with benign morphologic features and rare evidence for 
vasogenic edema pattern (5%). On MRI, they display con-
trast enhancement in 94% of cases, which is thought to 
be related to the vascular nature of these tumors (Figure 
36.7). Despite the presence of increased vascularity in these 
tumors, this is known not to be a sign for higher grade 
in this tumor type. On T1-weighted imaging they tend 
to be lower signal intensity relative to gray matter. On 
T2-weighted imaging they are of higher signal relative to 
gray matter. The T2 signal intensity of the solid component 
is similar to that of cerebrospinal fl uid in 50% of cases. This 
differs from medulloblastomas, for example, which are 

FIG. 36.4. Pilocytic astrocytoma with cystic generation. A 9-year-old boy presenting with headache due to a left cerebellar neo-
plasm. Gadolinium-enhanced T1 MRI demonstrated an enhancing focus within the tumor as well as T2 signal abnormality beyond the 
enhancing borders of the tumor (A, B). The tumor is less conspicuous on CT (C, arrowheads). One year later, the tumor developed a 
cystic component with ring enhancement on gadolinium enhanced T1 imaging (D), which follows cerebrospinal fl uid intensity on T2 
(E) but not proton density (F) imaging.
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isointense to gray matter and can thus help distinguish 
medulloblastomas from pilocytic astrocytomas [59]. 
Varying imaging presentations may include solid tumor 
as well as multicystic tumors. In most locations they have 
a round or oval shape, however, in the chiasmatic loca-
tion, they have been found to have a multilobulated shape. 

MR spectroscopy of these tumors can reveal an elevated 
lactate peak in these tumors, however, this is not a sign of 
malignancy for pilocytic astrocytomas [19].  In general, they 
are distinguished from other cystic tumors on the basis of 
location and patient age [3,11,43,60,61]. Although involve-
ment of the subarachnoid space is frequent with pilocytic 
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FIG. 36.5. Cerebellar pilocytic astrocytoma. A 36-year-old female presenting with headache. T1 (A), post-gadolinium T1 (B) and 
FLAIR (C) MR images demonstrate a well-circumscribed heterogeneously enhancing pilocytic astrocytoma. A cyst-like component is 
identifi ed with an arrowhead.
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FIG. 36.6. Pilocytic astrocytoma of the corpus callosum. Axial CT (A), sagittal T1 (B), axial T2 (C) and axial post-gadolinium 
T1 (D) MR images of a pilocytic astrocytoma centered in the corpus callosum. Note the calcifi c focus which occasionally accompanies 
this tumor type (arrows). Pilocytic astrocytomas differ from other tumors involving the corpus callosum because they are usually well 
circumscribed and not typically associated with vasogenic edema.
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astrocytoma, leptomeningeal dissemination is rare [3,62]. 
Pilocytic astrocytomas with atypical features on histopa-
thology may display aggressive features such as inva-
sion of adjacent structures and rapid growth on imaging 
(Figure 36.9).

Pilomyxoid Astrocytoma
Pilomyxoid astrocytoma (PMA) is a low-grade astrocy-

toma previously considered to be classifi ed as a pilocytic 
astrocytoma. This group of astrocytomas has a monopha-
sic pilomyxoid angiocentric histologic pattern, lacks the 
Rosenthal fi bers that are characteristic of pilocytic astrocy-
tomas and rarely have eosinophilic granular bodies. They 
tend to occur in early childhood, but have been identifi ed 
in adults [63]. After resection, progression-free survival 
has been reported in 38.7% of cases [64,65]. These tumors 
tend to occur in the hypothalamic/chiasmatic region 
(Figure 36.10) and are likely to be solid enhancing tumors 

A

FIG. 36.8. Pilocytic astrocytoma involving the temporal lobe. 
Pilocytic astrocytomas can occasionally arise from the supraten-
torial brain as depicted on this T1 post-gadolinium MRI image. 
This cyst (A, arrowheads) and enhancing mural nodule (arrow) 
appearance in this location can also be seen with ganglioglio-
mas and pleomorphic xanthoastrocytomas.

FIG. 36.7. Pilocytic astrocytoma involving the hypothalamus and optic nerves. T1 parasagittal (A), post-gadolinium T1 midline sagittal 
(B), post-gadolinium T1 axial image through the orbits (C) and axial T2 image through the suprasellar region (D) demonstrate a pilo-
cytic astrocytoma that has a cystic component (white arrows) and is isointense to gray matter on T1 and slightly hyperintense relative to 
gray matter on T2-weighted images. Note the tumor’s relationship to the anterior cerebral arteries (white arrowheads), the distal internal 
carotid arteries (black arrowheads) and the infundibular stalk of the pituitary as well as growth of the tumor along the optic nerve (wide 
white arrow).
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with homogenously high signal on T2-weighted images 
with signal extending into the adjacent white matter and 
cerebrospinal fl uid dissemination. The larger and homog-
enously enhancing solid component, T2 signal abnormality 
extending into the gray matter and white matter, CSF dis-
semination and attendant hydrocephalus help distinguish 
PMA from pilocytic astrocytomas. Proton MRS of PMA in 
two cases reported in the literature, have shown a decreased 
concentration of choline, creatinine and NAA which differs 
from pilocytic astrocytomas which tend to display elevated 
choline and decreased creatine and NAA.  Because it is only 
recently described, imaging fi ndings are not frequently 
reported in the literature [66].

Pleomorphic Xanthoastrocytoma
Pleomorphic xanthoastrocytomas (PXAs) are tumors 

with a varied histologic appearance. They are generally 
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FIG. 36.9. Atypical pilocytic astrocytoma. Sagittal T1 (A), axial T2 (B), axial FLAIR (C) and axial post-gadolinium T1 (D) images 
of a pilocytic astrocytoma which displayed aggressive features on histopathology including an increase in proliferative activity. The 
neoplasm spans between the corpus callosum (black arrowheads) and the thalamus (black arrows). There is apparent invasion of 
adjacent centrum semiovale (white arrows) suggestive of a more aggressive neoplasm.
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FIG. 36.10. Pilomyxoid astrocytoma. T2 axial (A) and 
post-gadolinium coronal T1 (B) images through the brain of a 
36-year-old male with a hypothalamic cystic lesion. Note the 
cystic component (arrows) and the infi ltration within adjacent 
brain (B).
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classifi ed as WHO grade II neoplasms, but have been known 
to undergo malignant transformation. In general, the extent 
of nuclear pleomorphism associated with these tumors 
places them in the St Anne-Mayo grade II category. Presence 
of mitotic activity elevates these tumors to an anaplastic 
grade. As the name implies, histopathologic features distin-
guishing pleomorphic xanthoastrocytomas include spin-
dly cells, as well as mononucleated or multinucleated giant 
cells with intracellular accumulation of lipid droplets often 
surrounded by a thick reticulen laden basement membrane. 
Gross evaluation indicates that they involve the leptomenin-
ges as well as the underlying brain. Their peripheral location 
suggests that they arise from subpial astrocytes [67]. These 
tumors have been rarely known to transform into ganglio-
gliomas [4,7,68,69]. If only a small amount of tumor is pro-
vided to the pathologist for analysis, PXA may be confused 
with a glioblastoma. MRI and CT appearance of the tumor 
may assist pathologic interpretation of this tumor [70].

Like pilocytic astrocytomas, PXAs occur more frequently 
in the fi rst two decades of life. Unlike pilocytic astrocytomas 
they occur more commonly in the cerebral hemispheres 
with a predilection in the temporal lobes. On imaging, PXAs 
have a cyst and mural nodule appearance and are diffi cult 
to distinguish from gangliogliomas (Figure 36.11). Imaging 
features of low-grade such as lack of peritumoral edema and 
calvarial scalloping frequently accompany these tumors. On 
CT, these tumors have a cystic appearance in half the cases 
and rarely contain calcifi cations. Angiography reveals that 
these tumors are hypervascular and receive supply from 
the meningeal arteries [71]. MRI reveals that relative to gray 
matter the solid component of these tumors is of similar 
signal intensity on T1-weighted images and increased signal 
on T2-weighted sequences [71,72]. Differentiation of high-
grade from low-grade PXA is confounding. Perfusion MRI 
may show some promise, however (Figure 36.12).

Because of their peripheral location, they can be con-
fused with meningioma on imaging [11,71]. Other differential 
considerations when identifying a tumor with characteristics 
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neoplasms have not been associated with shorter survival 
times as they would in other tumors [5,7,43,68,69].

Subependymal giant cell astrocytomas occur in 6–16% 
of patients with tuberous sclerosis. In addition to identify-
ing this tumor in its typical location near the foramen of 
Monro, the identifi cation of stigmata related to tuberous 
sclerosis in the same patient confi rms the diagnosis of SGA 
[55,73–77]. Neonatal ultrasound imaging has identifi ed this 
tumor as one of the few brain tumors which may be iden-
tifed at birth and should therefore be included in the dif-
ferential diagnosis of neonatal tumors when appropriate. 
The mass tends to be isoechoic with hyperechoic foci rep-
resenting calcifi cation or hemorrhage. Intrinsic CT features 

of PXA include pilocytic astrocytoma, ganglioglioma, and 
oligodendroglioma.

Subependymasl Giant Cell Astrocytoma
Subependymal giant cell astrocytoma (SGA) is a low-

grade primary brain tumor assigned a WHO grade I classi-
fi cation. As the name implies, these tumors are composed 
of large ganglioid astrocytes which are located along the 
wall of the lateral ventricle. They invariably occur in the setting 
of tuberous sclerosis and affect the region near the foramen 
of Monro eventually obstructing this structure and causing 
hydrocephalus. In general, more aggressive histopathologic 
features such as mitosis and cellular pleomorphism in these 
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FIG. 36.12. Pleomorphic xanthoastrocytoma. Sagittal T1 (A), axial post-gadolinium T1 (B) and axial relative cerebral blood vol-
ume (rCBV) MRI map (C) of a WHO grade III pleomorphic xanthoastrocytoma centered in the inferior right frontal gyrus. Note the cor-
tical location, the presence of a cystic-appearing component (arrowheads), and an enhancing component as well as isointense signal 
relative to gray matter on T1, all features of PXA. Because the tumor is well circumscribed and not associated with vasogenic edema, 
it is not readily distinguished from a low-grade pleomorphic xanthoasrocytomas on conventional MRI. Although, higher cerebral blood 
volume in a portion of the tumor (arrow) is suggestive of higher grade in astrocytomas, in a PXA it may just be an indication of 
increased vascularity unrelated to grade.

FIG. 36.11. Pleomorphic xanthoastrocytoma. A 25-year-old male presenting with seizure. Axial CT (A), axial FLAIR MRI (B), axial 
T2 MRI (C), and axial post-gadolinium T1 MRI (D) of a low-grade pleomorphic xanthoastrocytoma (PXA) located in the right parietal 
lobe cortex. Note the hyperdense appearance on CT (arrow). Distinguishing features for this tumor type include a well-circumscribed 
appearance, cyst formation (arrowheads), cortical location and contrast enhancement. It would be diffi cult to distinguish this tumor 
from other cortically based tumors such as metastasis or ganglioglioma. Because of frequent association with a dural tail they may 
appear similar to cystic meningiomas.
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include the presence of calcifi cations and a hyperdense 
appearance relative to cortex (Figure 36.13). Tumoral calci-
fi cations are thought to relate to small areas of hemorrhage. 
Contrast enhancement is common with these tumors on 
both CT and MRI. Associated stigmata of tuberous sclerosis 
include the presence of cortical tubers and subependymal 
nodules. In general, cortical tubers are more readily appar-
ent on MRI (Figure 36.14), whereas calcifi ed subependymal 
nodules are more readily identifi ed on CT (Figure 36.13) 
[55,74,75]. The extent of brain involvement with cortical 
tubers has been shown to correlate with the severity of dis-
ease in these patients [55, 75,76]. Patients with tuberous 
sclerosis likely benefi t from annual surveillance for these 
tumors during childhood [75]. Patients with biopsy-proven 
asymptomatic subependymal giant cell astrocytoma who 

do not undergo resection should be imaged annually. If the 
tumor grows or changes enhancement pattern, this may 
serve as an indication to increase the frequency of imag-
ing surveillance or to surgical removal of the tumor [78]. 
It should be underscored that larger tumors near the 
foramen of Monro and symptomatic presentation is associ-
ated with higher morbidity. It has been suggested that any 
lesion near the foramen of Monro, greater than 5 mm in size, 
with incomplete calcifi cation and increasing in size should 
be removed as soon as there is clear evidence of growth on 
subsequent scans [79]. In this manner, early resection of 
these tumors when they arise results in improved overall 
outcome. Differential considerations for this tumor on imag-
ing include other intraventricular tumors such as central 
neurocytoma, metastasis, oligodendroglioma, pilocytic 
astrocytoma and meningioma. SGA can be distinguished 
from these tumors on imaging by the identifi cation of fea-
tures of tuberous sclerosis as described above [77].

A B

C D

FIG. 36.13. Subependymal giant cell astrocytoma. Axial CT 
(A), axial T1 MRI (B), axial T2 MRI (C) and axial post-gadolin-
ium T1 MRI (D) of a subependymal giant cell astrocytoma (SGA) 
located in the right foramen of Monro (arrowheads) in a patient 
with tuberous sclerosis. Note that subependymal nodules (white 
arrows) are more conspicuous on the CT examination than the 
MRI. Note the relationship of the tumor to the internal cerebral 
vein (black arrow) which may affect surgical planning. The tumor 
is hyperdense on CT, has a heterogeneous appearance on T2 
and T1 MRI and enhances following contrast on MRI. These fea-
tures although typical of SGA are also features found in most lat-
eral ventricular tumors. The diagnosis is made on the basis of 
stigmata of tuberous sclerosis such as the subependymal nodules.

A

C

B

FIG. 36.14. Cortical tubers with supependymal giant cell astro-
cytoma. FLAIR (A), post-gadolinium axial (B) and sagittal (C) T1 
MRI of a cognitively impaired patient with seizures and adeno-
mata sebaceum. Among pulse sequences FLAIR MRI appears to 
display cortical tubers (arrowheads) most effectively. CT is less sen-
sitive to detecting cortical tubers. A 5 mm enhancing lesion near 
the foramen of Monro (arrows) most likely represents a subependy-
mal giant cell astrocytoma. Due to their propensity to enlarge, 
aggressive follow-up MRI or surgical removal is often suggested.
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INTRODUCTION
The role of clinical imaging of brain tumors is to pro-

vide suffi cient data for diagnosis and appropriate care of 
the patient. After initial tumor detection, additional imag-
ing techniques may help, by narrowing the differential diag-
nosis, biopsy or resection planning, prognosis, radiation 
therapy planning and follow-up evaluation. We will review 
standard CT and MR brain imaging useful in the evaluation 
of oligodendrogliomas and review what is known about 
the characteristics of oligodendroglioma on PET and the 
newer MR methods of imaging, such as MRS and dynamic 
contrast-enhanced MRI (DCE).

CHARACTERISTICS OF 
OLIGODENDROGLIOMAS ON 
ROUTINE CT AND MR IMAGES

In most cases, standard neuroimaging with either CT or 
MRI allows primary brain tumors to be distinguished from 
other intra-axial lesions, such as cerebritis, abscess, infarct 
and vascular malformation. Specifi c cellular histopathol-
ogy may be suspected due to imaging characteristics, how-
ever, it is not specifi cally distinguishable by neuroimaging. 
Astrocytomas and oligodendrogliomas in particular, cannot 
be differentiated from one another based on imaging alone. 
However, there are some characteristics on routine imag-
ing that may favor oligodendroglioma over astrocytoma. 
These include predominance of cortical involvement; pres-
ence of calcifi cation on CT, heterogeneous attenuation/sig-
nal including in some cases presence of intratumoral cysts 
and presence of subtle, patchy or ‘lacy’ enhancement [1]. 
(See Figures 37.1–37.3 for variable appearances of grade II 
oligodendrogliomas and Figures 37.4 and 37.5 for two dif-
ferent appearing images showing what proved to be grade 
III (anaplastic) oligodendrogliomas in both.) MRI is better 
than CT at demonstrating enhancement in malignant brain 
tumors [2]. Contrast enhancement and endothelial hyper-
plasia have been shown to correlate negatively with survival 
in ‘classical’ oligodendrogliomas [3].

On CT, low-grade oligodendrogliomas typically appear 
as non-enhancing low density masses. High-grade or 

anaplastic tumors may enhance to a variable degree. 
Calcifi cation is found microscopically in 90% of oligoden-
drogliomas [4]. Calcifi cations may also be seen on CT and, 
when detectable, are often coarse (see Figures 37.1B and 
37.4A). Calcifi cation is not specifi c to oligodendroglioma, 
but is quite common. The reported prevalence of calcifi ca-
tion detected on CT varies widely but is at least 20% [5,6].

MRI is superior to CT in delineating these tumors, which 
appear as an increased signal abnormality on T2-weighted 
and fl uid attenuated inversion-recovery (FLAIR) images. 
They frequently involve the cortex which likely explains the 
high incidence of seizures in these patients and they may be 
large at the time of presentation. Oligodendrogliomas are 
frequently heterogeneous on T1-weighted images and cysts 
and areas of hemorrhage may be present. Low-grade tumors 
characteristically do not show enhancement. Enhancement 
is important in identifying high-grade or anaplastic tumors 
[2]. Assessment of tumor grade by stereotactic biopsy or 
from tissue obtained at subtotal resection is prone to sam-
pling error because oligodendrogliomas, especially large 

CHAPTER 37

Imaging of Oligodendrogliomas
William Ankenbrandt and Nina Paleologos

FIG. 37.1. WHO grade II oligodendroglioma. The lesion is a 
small frontal cortically-based tumor with high signal on FLAIR (A). 
Note coarse calcifi cation within the lesion on CT (B). The lesion 
did not enhance with gadolinium.

A B
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FIG. 37.2. WHO grade II oligodendroglioma. This right insular/subinsular tumor has little heterogeneity, the sort of mass that could 
be misinterpreted as an infarct. Some infarcts in this location are misinterpreted as tumor. Note cortical predominance of the lesion. 
There are areas of subtle T1 shortening at the margin of the tumor, but careful comparison between pre- and post-gadolinium T1-
weighted images shows no enhancement separable from baseline increased T1 signal (B and C, arrowheads).

A B C

FIG. 37.3. WHO grade II oligodendroglioma. This lesion is markedly heterogeneous and presented at very large size. At presenta-
tion it had already crossed the body of the corpus callosum. There is no demonstrable enhancement separable from baseline T1-short-
ening (B and C).

A B C

FIG. 37.4. Anaplastic (WHO grade III) oligodendroglioma. CT shows coarse calcifi cation within the lesion (A). Note the lack of 
heterogeneity and minimal enhancement. By carefully comparing pre- and post-gadolinium images it can be established that there is 
faint enhancement (C and D, arrows). Interestingly, both this tumor and the much more ‘aggressive’-appearing tumor in Figure 37.5 
were found to have chromosome 1p and 19q deletions, predicting favorable response to therapy.

A B C D



ones, contain regions of variable histology. Small areas of 
enhancement in part of a large predominantly non-enhanc-
ing tumor likely represents high-grade pathology in that 
area. Non-enhancing areas may refl ect areas of lower grade 
pathology. Histology obtained from non-enhancing areas 
of the same tumor may be of lower grade, thus resulting in 
‘sampling error’ or undergrading of the tumor histologically. 
This refl ects the variable histology seen in different areas of 
tumor. The absence of contrast enhancement does not rule 
out high-grade histology. White and colleagues, in a study 
of conventional MRI features of oligodendroglioma, found 
that the presence of contrast enhancement had a sensitivity 
of only 63% and a specifi city of 50% in differentiating ana-
plastic from low-grade tumors [7].

Diffusion-weighted Imaging
Typically part of a routine MR examination of the 

brain, diffusion-weighted imaging (DWI) has revolutionized 
imaging of brain infarction and is classically thought of as a 
stroke imaging tool, but is helpful in tumor imaging as well. 

The physical assumption behind the technique is that water 
in tissue is constantly in motion, fl owing from intracellular 
to extracellular space and from one volume box of imaging 
data (voxel) to another. Energy, in the form of rapid mag-
netic fi eld gradient changes, is applied to hydrogen atoms 
of water, which precess or ‘spin’. Hydrogen atoms in water 
molecules free to move within a gradient fi eld will have ran-
dom phase. They will lose phase coherence and the result-
ant image will lose signal intensity. Water trapped, or whose 
free diffusion is ‘restricted’, will have hydrogen atoms spin-
ning in greater phase coherence with one another, with 
resultant greater signal intensity [8,9].

Restricted diffusion, with a low apparent diffusion 
coeffi cient (ADC), in the postoperative setting adjacent 
to a resection cavity, may indicate postoperative infarct. 
This is very helpful to recognize, since the infarcted brain 
will enhance with gadolinium in the subacute phase, 
which may complicate interpretation of follow-up scans 
since it could be confused with recurrent, enhancing tumor 
(Figure 37.6).
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FIG. 37.5. Anaplastic (WHO grade III) oligodendroglioma. Partially-cystic, partially-solid, heterogeneous mass with prominent 
gadolinium enhancement (C). There is marked edema (A) and mass effect, with subfalcine herniation. 1p and 19q deletions were 
confi rmed, just as in the more ‘benign’-appearing anaplastic oligodendroglioma in Figure 37.4.

A B C

FIG. 37.6. Postoperative day 1 status post resection of right temporal oligodendroglioma. There is very subtle increased signal 
posterior to the right temporal surgical resection cavity on FLAIR images, with corresponding low signal on ADC maps indicating 
restricted diffusion and acute ischemia (A and B, arrowheads). Follow-up MRI shows a more distinct, focal area of increased signal 
on FLAIR (C, arrow), with focal enhancement (D, arrow). Because DWI was performed on the immediate postoperative scan, it can 
be confi dently predicted that the enhancement that subsequently developed in the location where there was restricted diffusion repre-
sents blood–brain barrier breakdown secondary to infarction and not recurrent tumor.

A B C D
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Low ADC within a tumor has been correlated with 
increased tumor cellularity and higher grade neoplasia 
[10]. Other processes, such as abscess following biopsy, or 
intra-tumoral infarction, can also have restricted diffusion. 
Restricted diffusion related to infarction typically reverses 
within about 5 days, so short-interval follow-up MRI may 
be helpful. Persistently low ADC in part of a tumor probably 
indicates higher cellularity within that part. Low ADC has 
been found to correlate with elevated choline on MR spec-
troscopy of gliomas [11].

MR Spectroscopy
Malignancy is characterized by accelerated cell division 

(high ‘mitotic index’), which is detectable on proton 
magnetic resonance spectroscopy (1H-MRS, hereinafter 
‘MRS’) as elevated choline. Choline elevation occurs when 
there is rapid cell membrane synthesis.

The N-CH3 group of choline (Cho), the fi rst major peak 
from the left on MRS, has a resonance at 3.2 parts per mil-
lion (ppm). This is positioned immediately to the left of 
creatine (Cr), which has a peak at 3.0 ppm. N-acetylaspar-
tate (NAA) is the third major peak from the left, with a res-
onance at 2.0 ppm. These three peaks represent the most 
common metabolites evaluated, with Cr typically used 
as the putative reference, since it changes little with most 
disease processes. NAA, a marker of intact neurons, will be 
depressed in many disease processes including in some 
oligodendrogliomas and other primary brain tumors.

Long echo time (TE) multivoxel MRS may be used to 
evaluate the three principal metabolites (Cho, Cr, NAA) in 
each box of a grid placed over a larger part of the tumor 
and usually also including a portion of presumably normal 
brain. Long TE single voxel MRS in abnormal brain is 
compared to normal as well; 3-Tesla (T) MRS may be pref-
erable, however, 1.5 T scanners are more readily available 
for clinical scanning. The signal-to-noise ratio (SNR) is 
acceptable on a 1.5 T magnet, especially if a phased array 
head coil is used [12].

MRS as an initial diagnostic tool for oligodendroglio-
mas can be misleading if considered in isolation from other 
imaging fi ndings, since low-grade gliomas may only have 
modest depression of NAA and little or no demonstrable 
elevation of choline (Figure 37.7). The fi nding of faint or 
lacy enhancement in a heterogeneous, cortically-based pri-
mary tumor with less than 2:1 elevation of Cho:Cr ratio may 
favor an oligodendroglioma. A Cho:Cr ratio of greater than 
2:1 is suggestive of high-grade neoplasm, as is a Cho:NAA 
ratio greater than 0.8 [13].

One MRS fi nding that may help distinguish oligoden-
droglioma from astrocytoma preoperatively is myo-inositol 
(MI), an astroglial marker which is particularly elevated 
in low-grade astrocytomas [14]. A caveat is that glycine 
(resonance 3.4–3.7 ppm) overlaps the MI peak and has 
been found in high-grade primary tumors, and has been 
demonstrated to be elevated on MRS in a rare case of 

oligodendroglial gliomatosis cerebri [15]. Glycine elevation 
has also been reported in astrocytoma [16]. The glutamine 
plus glutamate peak may be higher in oligodendrog-
liomas than in astrocytomas and one of the resonances is 
immediately adjacent to MI, further muddying the waters. 
Elevation of MI is also found in MS plaques, HIV infection 
and metachromatic leukodystrophy, and it is normally 
much higher in infants than in adults [17]. Absence of 
myo-inositol elevation in a suspected low-grade glioma 
may favor oligodendroglioma. An elevated lipid-lactate 

FIG. 37.7. Grade II mixed glioma (oligoastrocytoma). Many 
low-grade tumors will not show signifi cant elevation of choline on 
hydrogen-MRS. This left frontal infi ltrating tumor shows moderate 
depression of NAA as the only abnormality of the three major 
peaks (B, arrowheads). (C) is a spectroscopic image map show-
ing distribution of NAA within the sampled area. Note decrease 
in NAA levels (in this image, higher concentrations are red, 
lower are blue or green: the arrow points to a predominantly 
blue and green region in the left frontal lobe) approximately cor-
responding with the area of increased signal on FLAIR (A).
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combined peak suggests higher grade oligodendroglioma, 
but the combined peak is also elevated in infections [18].

MRS is perhaps most helpful in following oligodendro-
gliomas and other primary gliomas that have been treated. 
After surgery, with or without radiation therapy, there is often 
a margin of increased T2 signal intensity (T2 prolongation) 
adjacent to the resection cavity. If routine follow-up MRI 
shows growth of the area of abnormal signal, MRS can be 
used to attempt to distinguish incidental postoperative glio-
sis or signal changes related to radiation therapy from those 
changes related to tumor progression. Sometimes, however, 
MRS is non-diagnostic due to the proximity of the cavity and 
magnetic fi eld heterogeneity caused by blood degradation 
products and other contents of the cavity. In cases where MRS 
is equivocal, MR perfusion may add diagnostic confi dence.

MR Perfusion and Permeability Imaging
Dynamic Susceptibility-weighted Contrast-enhanced 
Imaging (DSC)

High-grade oligodendrogliomas, as well as many low-
grade oligodendrogliomas, have elevated relative cerebral 
blood volume (rCBV) compared to normal white matter 

(Figure 37.8). The conclusion that high-grade tumors can 
be distinguished from low-grade tumors based on elevated 
rCBV may not be true for oligodendrogliomas but, none-
theless, DSC may be helpful to distinguish tumor from 
other etiologies and to distinguish recurrent tumor from 
radiation necrosis [19]. Herpes encephalitis and toxoplas-
mosis tend to have low rCBV; most infarcts have low rCBV; 
bacterial abscesses are variable; and tumefactive demyeli-
nation has slightly lower rCBV than high-grade tumor, with 
presence of vessels running through the lesion on the echo-
planar source images possibly favoring demyelination over 
tumor [20].

Relative cerebral blood volume is essentially repre-
sented as the area under the curve in a perfusion study 
performed with DSC (dynamic susceptibility-weighted con-
trast-enhanced) technique. Each curve represents the sig-
nal loss due to the T2* effect of concentrated gadolinium as 
the contrast material passes through each image slice over 
time. Normally, the curve has a steep downslope and rela-
tively steep upslope as well. In tumors that have elevated 
rCBV, the peak is deeper, with a larger area under the curve 
representing higher rCBV. The area under the curve can be 
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FIG. 37.8. Grade II mixed glioma (oligoastrocytoma). (A) FLAIR. (B and C) DWI, B � 1000, and ADC map. Areas of predominantly 
T2 shine-through are present at the periphery of the tumor (B). The ADC map helps determine which areas have restricted diffusion 
(C, arrows). (D) CT shows faint calcifi cations (arrows). (E and F) Pre- and post-gadolinium T1W images suggest faint, patchy enhance-
ment (F, arrows). (G) Negative enhancement integral image (approximating rCBV) shows areas of markedly increased relative cerebral 
blood volume in this low grade tumor. Note that not all of the areas of increased blood volume correspond with areas of gadolinium 
enhancement (black arrow). (H) One caveat: some low-grade oligodendrogliomas and mixed gliomas have low rCBV. (H) is a differ-
ent grade II mixed glioma and is the same tumor as in Figure 37.7. There is predominantly low rCBV in the region of tumor infi ltration 
(arrows).
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depicted for each voxel as a particular color in a scale typi-
cally progressing through a rainbow spectrum from blue to 
red. With a color map of rCBV for the entire slice being eval-
uated, it is straightforward for non-color-blind individuals 
to determine whether the rCBV for the area of signal abnor-
mality in question is greater than that of adjacent presum-
ably normal white matter.

Unfortunately for color-blind individuals, the color 
scale most commonly employed includes a red-green scale. 
Also, many standard PACS systems are black-and-white 
systems. A web-based program is needed for most to view 
color maps. It is also possible to use a region of interest 
(ROI) over the area in question, another over presumably 
normal brain tissue in an analogous ‘mirror’ location in 
the contralateral hemisphere, and superimpose the base-
lines visually to inspect the size of the area under the curve. 
We have found it most helpful in clinical cases visually to 
inspect color maps. If relying on comparison of dynamic 
T2* signal drop-out curves, in a region where there is 
increased T2 signal intensity either due to tumor or edema, 
the baseline of the curve will be higher than areas that have 
normal T2 signal.

Although most oligodendrogliomas will not be con-
fused with metastases, high-grade lesions with ring 
enhancement could have a similar appearance to solitary 
metastasis. Evaluation of the perfusion curve may help dis-
tinguish metastasis from primary tumor. Primary tumor 
is more likely to have a curve that rapidly returns to near 
baseline, whereas metastasis is more likely to return to less 
than 50% of baseline. Also, it has been shown that rCBV in 
the peritumoral region of primary enhancing brain tumors 
is higher (as is Cho:Cr ratio and possibly also ADC) within 
this region of so-called ‘infi ltrative edema’ compared to the 
analogous peritumor region, representing vasogenic edema 
surrounding a solitary metastasis [21,22]. DSC perfusion 
MR has also been shown to be helpful in distinguishing 
high-grade brain neoplasm from brain abscess [23].

MR Permeability Imaging – Dynamic Contrast-enhanced 
Imaging (DCE)

For trials of new therapies for oligodendroglioma, it 
may be helpful to attempt to quantify the degree of vas-
cular permeability in a tumor, since it has been proposed 
that tumors with greater vascular permeability may have 
improved response to chemotherapy due to more effi -
cient drug delivery. Permeability as measured by dynamic 
MR perfusion techniques may correlate with tumor grade 
[24,25]. Dynamic contrast-enhanced imaging (DCE) has 
been proposed as a quantitative method of measuring vas-
cular permeability by assessing a time-intensity curve after 
administration of contrast [26]. Unlike DSC, which relies 
on a fi rst-pass, T2* effect, DCE is a dynamic T1-weighted 
imaging method that measures the extent of contrast 
enhancement over time. Thus far it has been employed 
predominantly as a research tool. It has been shown that 

mapping permeability can be accomplished concurrently 
with DSC imaging using a single gadolinium bolus [27].

Functional MRI and Fractional Anisotropy
Functional MRI

Blood oxygen level dependent (BOLD) functional MRI 
(fMRI) of the brain is helpful in the preoperative evaluation 
of tumors, especially those that are thought to encroach 
on measurably ‘eloquent’ anatomic areas, such as those 
functional regions responsible for motor activity and for 
generation and comprehension of language. The tech-
nique relies on detection of very small differences in blood 
fl ow due to upregulation of fl ow in metabolically-active 
functional areas. Paradoxically, there will be a measur-
able increase in blood oxygen in metabolically active areas 
because the upregulation of fl ow due to regional vasodila-
tation overcomes the increased oxygen extraction related to 
metabolic activity. This is measurable on echoplanar T2*-
weighted imaging because deoxyhemoglobin has a strong 
paramagnetic effect that reduces signal by increasing spin 
phase-incoherence. Areas that have a higher ratio of oxyhe-
moglobin to deoxyhemoglobin will therefore have slightly 
higher signal intensity on T2*-weighted images [28,29].

Differences in signal are very small and interpreta-
tion requires post-processing of source image maps that 
are created during a task (e.g. fi nger tapping) and at rest. 
Essentially, the block of slices obtained during the task is 
compared to the block of slices at rest, and areas that have 
statistically signifi cantly higher signal during the task are 
considered to be functionally active areas. In clinical func-
tional MRI, it is helpful to have a reference of activation in 
grouped normal volunteers so that the patient’s fMRI can 
be compared to the expected pattern of activation with 
each language and motor task.

Oligodendrogliomas are often cortically based and may 
infi ltrate functionally-active, eloquent brain areas. fMRI 
is most helpful for preoperative planning when complete 
resection is contemplated in tumors which are thought, 
based either on clinical data (e.g. aphasia or hemiparesis) 
or routine imaging fi ndings (e.g. tumor encroaching on or 
infi ltrating precentral gyrus, frontal operculum or superior 
temporal gyrus), to involve highly eloquent brain regions.

Functional data sets are acquired with 5 mm thick echo-
planar (EPI) sections. Since the EPI images have poor tissue 
contrast relative to standard diagnostic imaging sequences, 
the processed data showing color maps of areas of activa-
tion are superimposed not on the original EPI images, but 
on a separately acquired set of images. Software is used to 
merge the image locations of the original functional data 
set with diagnostic quality brain images, typically FLAIR 
and spoiled gradient echo (SPGR) images.

Diffusion Tensor Imaging – Fractional Anisotropy
Diffusion tensor imaging is sometimes employed 

preoperatively to attempt to establish the location of 



important fi ber tracts, such as the corticospinal tract, and 
to determine whether there is displacement, infi ltration or 
destruction of such tracts. The diffusion-weighted images 
displayed as part of routine MRI are ‘isotropic’ – that is the 
differences in directional water diffusivity (greater ease of 
diffusion along axonal tracts, for example) are essentially 
nullifi ed by averaging of directional anisotropy. The goal of 
diffusion tensor imaging is essentially to discover for each 
voxel which way water diffuses most readily and this has 
been shown, in an experimental cat model, to be along the 
orientation of major white matter fi ber tracts [30]. A map of 
directional anisotropy (most commonly calculated as ‘frac-
tional anisotropy’) can approximate white matter tract con-
fi gurations by displaying diffusivity along three principal 
axes in three different colors [31,32].

Cerebral Blood Volume
In one study, the role of rCBV was examined in the 

characterization of low-grade versus high-grade oligoden-
droglial tumors and no statistical difference was found 
in rCBV between the low- and high-grade tumors [33]. 
Sample size in this study was small and only three ana-
plastic tumors were analyzed with large ROIs (measuring 
20–40 mm2) which are known to affect sensitivity negatively 
in the detection of focal areas of increased vascularization 
in anaplastic neoplasms. In another study, using smaller 
ROIs, rCBV was signifi cantly different between low-grade 
(1.61 � 1.20) and high-grade tumors (5.45 � 1.96) with an 
optimal rCBV ratio cutoff value in identifi cation of anaplas-
tic tumors of 2.14 [34]. The authors found that the sensitiv-
ity of rCBV in grading oligodendroglial tumors was 100%, 
indicating that all high-grade tumors were correctly classi-
fi ed, but that the specifi city of rCBV measurement was 86% 
with a cutoff value of 2.14, indicating that a few low-grade 
oligodendroglial tumors may be incorrectly classifi ed as 
high-grade. They suggest that rCBV ratios can be used more 
confi dently to exclude the presence of anaplasia within 

oligodendroglial tumors than vice versa. Whether low-grade 
oligodendrogliomas with high rCBV behave more aggres-
sively than those with lower rCBV or whether those tumors 
are being undergraded due to sampling error needs further 
investigation.

Positron Emission Tomography (PET)
Positron emission tomography gives metabolic infor-

mation on tumor in vivo and is discussed in detail in 
regards to its usage in differentiating recurrent brain 
tumor from radiation injury, and in guiding stereotac-
tic biopsy and radiation target volumes, elsewhere in this 
book. Oligodendrogliomas show a higher uptake on 11C-
methionine PET than astrocytomas, and anaplastic oligo-
gendrogliomas have an increased uptake when compared 
to low-grade tumors [35,36]. In one study of 27 low-grade 
tumors which had undergone diagnostic surgery, but no 
other treatment, low uptake of 11C-methionine was found 
to be a predictor of long time to tumor progression in oli-
godendrogliomas, but not in astrocytomas or oligoastro-
cytomas [37]. The activity volume index (AVI), a metabolic 
index generated from an automated semi-quantifi cation 
of PET with methionine, has been shown to decrease in 
patients with low-grade oligodendrogliomas responding to 
procarbazine (PCV) chemotherapy [38].

CONCLUSION
Physiologic imaging techniques developed over the 

past two decades can add helpful information to aid in 
diagnosis, treatment planning and follow-up evaluation 
of oligodendrogliomas and mixed gliomas. While MRI is 
no substitute for histology, diagnostic confi dence can be 
increased by selective application of these newer imag-
ing techniques. The goal of imaging is to assess, relatively 
non-invasively, oligodendrogliomas, hopefully to monitor 
effective therapy (Figure 37.9), but also to identify potential 
tumor recurrence in a reliable and timely fashion.
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FIG. 37.9. (A) Grade II oligodendroglioma, baseline after biopsy. (B) Following 10 months of antineoplastic therapy with temodar. 
(C) Following 20 months of temodar.
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INTRODUCTION
Primary central nervous system lymphoma (PCNSL) is 

defi ned as the presentation of extranodal lymphoma con-
fi ned to the CNS. Although the vast majority of CNS lym-
phomas (80–90%) are primary lesions, they are relatively 
uncommon, accounting for only about 1% of all lymphomas. 
The incidence of PCNSL has increased over the past three 
decades in both the immunocompromised and immuno-
competent populations, placing it behind only meningi-
omas and low-grade astrocytomas in prevalence. Previously 
accounting for only about 1% of all CNS neoplasms, they 
currently represent up to 15% of all primary brain tumors [1].

The prevalence of PCNSL continues to be signifi cantly 
higher in immunocompromised than immunocompetent 
patients. A dramatic increase in the incidence of PCNSL in 
the immunocompromised population occurred in the early 
1980s, coinciding with the fi rst reported cases of acquired 
immunodefi ciency syndrome (AIDS). Patients with AIDS 
continue to account for the largest group of immunocom-
promised patients with CNS lymphoma, and PCNSL in 
an HIV-seropositive patient is an AIDS-defi ning condi-
tion. Other immunocompromised states associated with 
CNS lymphoma include organ transplantation, Wiskott-
Aldrich syndrome, congenital immune defi ciency syn-
dromes and prolonged immunosuppressive therapy [1]. 
Additionally, there have been reports of CNS lymphoma 
related to autoimmune diseases such as Sjogren’s syndrome 
and systemic lupus erythematosus [2,3]. Clinical data sug-
gest that up to 6% of AIDS patients will develop PCNSL 
[2]. In transplant patients, the risk is about 1–5% (1–2% for 
renal transplant patients [4] and 2–7% for cardiac, lung 
and liver transplant patients [4–6]). Patients with congeni-
tal immune defi ciency syndromes carry a risk of 4% [2]. A 
growing body of evidence has linked Epstein-Barr virus with 
the pathogenesis of CNS lymphoma in AIDS patients [7].

Although CNS lymphomas are responsive to chem-
otherapy and radiation, prognosis remains poor, with 
high rates of recurrence. Chemotherapy can be deliv-
ered systemically or intrathecally. More recently, some 
patients have been treated with intra-arterial delivery of 

chemotherapeutic agents following disruption of the blood–
brain barrier [8–10]. Although surgical intervention is often 
necessary for diagnostic purposes, surgical resection pro-
vides no therapeutic benefi t and is generally reserved for 
cases in which the tumor might cause brain herniation [11].

Lymphomas can be divided into the Hodgkin’s and non-
Hodgkin’s types. Non-Hodgkin’s lymphoma can be further 
subdivided by cell type and grade and these classifi cations 
have long been a source of controversy. The vast majority of 
PCNSLs are high-grade tumors of the non-Hodgkin’s B-cell 
type [1]. Primary T-cell lymphoma of the CNS is rare [12,13] 
and CNS involvement by Hodgkin’s lymphoma is even rarer 
[14]. The imaging features of CNS lymphoma are variable 
and attempts at correlating imaging features with histo-
logic subtypes have yielded inconsistent results [15,16]. 
Therefore, the diagnosis of PCNSL hinges upon stereotactic 
biopsy and histologic assessment. Nevertheless, neuroim-
aging can suggest the diagnosis, leading to timely initiation 
of appropriate therapy. In this chapter, we will discuss the 
characteristic imaging features of this aggressive neoplasm.

GENERAL IMAGING FEATURES

Anatomical Distribution
An overwhelming majority of PCNSL lesions occur in 

the brain, but they can also occur in the spinal cord, menin-
ges, globe and CSF. Of those primary CNS lesions occur-
ring in the brain, supratentorial lesions occur much more 
commonly than those in the posterior fossa, accounting for 
80–90% of all lesions. One-half to two-thirds of lesions have 
been reported to occur in the cerebral hemispheres, with 
the white matter of the frontal lobes being the most com-
mon location, followed by the temporal, parietal and occip-
ital lobes. The central deep gray matter of the basal ganglia, 
thalamus and hypothalamus, often reported as a classic 
location for CNS lymphoma, accounts for about one-third of 
lesions. Approximately 10% of lesions occur in the posterior 
fossa and only 1% are found in the spinal cord. [1,17–19]

A characteristic feature of PCNSL is its tendency to con-
tact ependymal or meningeal surfaces, with leptomeningeal 
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involvement seen in about 12% of cases [1]. Corpus callosum 
involvement is also relatively common, reported in some 
series to be nearly as common as involvement of the deep 
gray matter [19]. Frontal lobe lesions that cross the genu of 
the corpus callosum create the classic ‘butterfl y’ pattern. 
Dural involvement is uncommon and often mimics men-
ingioma in its presentation. In untreated CNS lymphoma, 
calcifi cation, hemorrhage and cysts are only rarely seen [20]. 
Another characteristic fi nding of CNS lymphoma is the rela-
tively little mass effect and edema relative to lesion size [17].

CT and MRI
On computed tomography (CT), CNS lymphoma usu-

ally presents as an iso- or hyperdense mass relative to brain 
parenchyma on unenhanced scans, and almost all lesions 
demonstrate contrast enhancement (Figure 38.1) [1,17,21–
24]. However, a negative CT examination does not exclude 
the diagnosis, with false negative rates of up to 38% hav-
ing been reported on initial diagnostic scans [25](although 
these rates are currently likely to be lower given advances 
in CT technology). Magnetic resonance imaging (MRI) is 
more sensitive [23] and is currently the imaging modal-
ity of choice in the evaluation of CNS lymphoma. On MRI, 
the lesions usually present as well-demarcated masses that 
are isointense to hypointense relative to gray matter on 
T1-weighted sequences. The T2-weighted imaging charac-
teristics can be more variable. Initial reports described these 
lesions to be predominantly hyperintense to gray matter 
on T2-weighted sequences. More recent studies indicate 
that more than half the lesions are hypointense to isoin-
tense relative to gray matter [1,17,21]. The hypointensity on 
T2-weighted imaging, as well as the hyperattenuation on CT, 
is attributable to the dense cellularity of the tumor and high 
nucleus-to-cytoplasmic ratio [1]. Higher T2 signal intensity 
within CNS lymphoma lesions has been correlated with 

higher degrees of necrosis [15]. On fl uid attenuated inver-
sion recovery (FLAIR) sequences which are T2-weighted, 
the imaging characteristics are similar to traditional T2 
sequences. A variable pattern can be seen on diffusion-
weighted imaging (DWI). While most tumors demonstrate 
elevated water diffusibility, the dense cellularity of CNS 
lymphoma often results in restricted diffusion (high signal) 
on DWI [26]. As with CT, most lesions enhance with con-
trast administration (Figures 38.2 and 38.3); treatment with 
steroids may result in decreased enhancement or non-
enhancement [15,17]. Imaging fi ndings of PCNSL in children 
are variable, but often similar to those seen in adults [27].

Angiography
The angiographic appearance of CNS lymphoma is 

highly variable. A common fi nding is that of an avascular 
mass with little vessel displacement or involvement [28]. 
Jack et al described a homogeneous vascular stain that 

FIG. 38.1. A 61-year-old male who presented with gait dis-
turbance and slurred speech. Biopsy yielded B-cell PCNSL. (A) 
Non-contrast CT demonstrates bilateral hyperdense lesions involv-
ing the deep gray and white matter. Surrounding low density is 
consistent with edema. (B) The lesions demonstrate homogene-
ous enhancement with the administration of contrast.

A B

FIG. 38.2. A 73-year-old female with progressive motor 
weakness and biopsy-proven PCNSL of the B-cell type. (A) 
Hyperdense masses are seen involving the basal ganglia bilater-
ally on non-contrast CT, with surrounding edema. (B) On MRI, 
FLAIR sequence shows the masses to be isointense to gray mat-
ter, with surrounding high-T2 signal related to edema. On pre- 
(C) and post-gadolinium (D) sequences, the lesions demonstrate 
fairly homogeneous contrast enhancement.

A B

C D

G E N E R A L  I M A G I N G  F E AT U R E S  •  365



366 C H A P T E R  3 8  •  P R I M A R Y  C N S  LY M P H O M A

appeared in the late arterial or early venous phase in 12 of 29 
patients with PCNSL who underwent cerebral angiography 
[29]. Vascular encasement may rarely be seen [18]. Lesions 
involving the meninges may demonstrate a dural supply, 
also a rare fi nding [30]. Angiography plays little role in the 
diagnosis of CNS lymphoma. There has been an increasing 
role for endovascular techniques in the treatment of CNS 
lymphoma, with the use of blood–brain barrier disruption to 
deliver intra-arterial chemotherapy [9,10]. Osmotic disrup-
tion of the blood–brain barrier is achieved by the infusion 
of intra-arterial mannitol into the desired cerebrovascular 
distribution, followed by the intra-arterial administration of 
the chemotherapeutic agent (Figure 38.4) [8].

Other Imaging Modalities
Cross-sectional imaging studies (CT and MRI) are the 

most commonly utilized imaging modalities in the diagno-
sis and management of CNS lymphoma. However, several 
studies have reported on the utility of thallium-201 single 
photon emission computed tomography (SPECT) and F-18 

fl uoro-deoxyglucose (FDG) positron emission tomography 
(PET) in CNS lymphoma [31–35]. Generally, CNS lymphoma 
lesions demonstrate hypermetabolic activity on PET imag-
ing and increased radiopharmaceutical uptake with SPECT 
imaging. While most brain neoplasms will demonstrate 
similar fi ndings, PET and SPECT may help differentiate 
neoplastic processes from benign ones, where the activ-
ity will be relatively less intense. These imaging modalities 
may be particularly useful in differentiating CNS lymphoma 
from infectious or infl ammatory lesions in AIDS patients 
(see below), and in monitoring response to therapy.

Imaging Patterns in Immunocompetent 
Versus Immunocompromised Patients

In immunocompetent patients, PCNSL most commonly 
presents as a solitary supratentorial lesion in the cerebral 
hemispheres [17,19]. The vast majority of lesions in immu-
nocompetent patients demonstrate homogeneous contrast 
enhancement [15,17,24]. Lesions in the immunocompro-
mised host are more likely to be multiple, with a more vari-
able enhancement pattern [15,36]. Central necrosis is also 
more common in immunocompromised patients [15]. This 
often results in a ring pattern on imaging: the central area 
of necrosis results in T2 hyperintensity, with a densely cel-
lular, T2 hypointense rim, surrounded by T2 hyperintensity 
peripherally related to edema [1]. The pattern is reversed 
on T1-weighted imaging, with a T1 hyperintense ring sur-
rounded by T1 hypointense edema. There is usually intense 
ring enhancement with contrast, which may be smooth 
or irregular (Figure 38.5) [15,25]. Periventricular enhance-
ment, although relatively uncommon, is very specifi c for 
CNS lymphoma in AIDS patients [37].

FIG. 38.3. In this 62-year-old female with PCNSL, a periven-
tricular lesion in the deep white matter of the left cerebral hemi-
sphere is isointense to gray matter on the T2 (A) and FLAIR (B) 
sequences, with surrounding hyperintensity related to edema. 
The lesion demonstrates homogeneous enhancement on the post-
gadolinium T1 sequence (C) and restricted diffusion (high signal) 
on DWI (D).
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FIG. 38.4. In this 46-year-old male with PCNSL, osmotic disrup-
tion of the blood–brain barrier (BBB) was achieved with the intra-
arterial infusion of mannitol into the left internal carotid artery (ICA), 
immediately followed by infusion of the chemotherapeutic regimen. 
Contrast-enhanced CT was then performed to evaluate the degree 
of BBB disruption. The study shows asymmetrically increased 
enhancement of the left cerebral hemisphere in the distribution of 
the left ICA (A,B) consistent with adequate BBB disruption.

A B



Neurological complications are common in patients 
infected with the human immunodefi ciency virus (HIV). 
These patients often present with neurological symptoms 
and multifocal brain lesions on CT or MRI, many of which 
demonstrate ring enhancement. The most likely etiology in 
this scenario is cerebral toxoplasmosis, but the differential 
diagnosis includes PCNSL, as well as other (less common) 
infectious processes including neurosyphilis and progressive 
multifocal leukoencephalopathy (PML). Defi nitive diagnosis 
requires brain biopsy, which is associated with the morbidity 
and mortality of an invasive procedure. Standard practice has 
been to place the patient empirically on anti-toxoplasmosis 
therapy for a 2-week period. If the lesions respond, the diag-
nosis is confi rmed. If the lesions fail to respond or worsen, 
an alternative diagnosis such as PCNSL is entertained and 
the patient may go on to brain biopsy if indicated (see Figure 
38.5). The obvious downfall to this approach is that if the pre-
sumptive diagnosis of toxoplasmosis is incorrect, the under-
lying disease process may progress and the patient’s chances 
for prolonged survival may be decreased. In this scenario, 
thallium-201 SPECT or F-18 FDG PET, particularly when 
combined with toxoplasma serology, may be helpful in arriv-
ing at the correct diagnosis in a more timely fashion [31–35].

Differential Diagnosis of Primary 
CNS Lymphoma

Differential considerations in the diagnosis of 
PCNSL based on imaging fi ndings include gliomas 

(usually higher-grade lesions like glioblastoma multi-
forme) (Figure 38.6), metastases (from extracranial 
sources or from other brain primaries), abscess and other 
types of infection, and granulomatous processes such 
as sarcoidosis (Figure 38.7) and tuberculosis [1]. Active 
demyelinating disease can mimic PCNSL [38] and 
primitive neuroectodermal tumor should be considered 
in the pediatric population. T2 hypointensity, when 
present, can help differentiate CNS lymphoma from other 
brain neoplasms and demyelinating disease, which are 
both more likely to be hyperintense on T2-weighted 
sequences. Distinguishing brain abscess from CNS 
lymphoma can be more diffi cult, as both can demon-
strate ring-like enhancement and increased signal on DWI. 
Brain abscesses are typically associated with a moder-
ate to large amount of surrounding vasogenic edema, 
while PCNSL typically generates only mild edema relative 
to lesion size, and this feature can sometimes be useful 
in making the diagnosis. The differentiation of PCNSL 
from toxoplasmosis can be virtually impossible in the 
immunocompromised population based on conventional 
imaging techniques. As discussed in the previous section, 
both can demonstrate ring enhancement patterns and 
multicentricity and alternative imaging modalities may 
help make the diagnosis more rapidly (see above). 
Secondary CNS lymphoma usually involves the leptome-
ninges and patients typically present with cranial nerve pal-
sies (Figure 38.8).

FIG. 38.5. A 44-year-old female with a 
history of HIV who presented with high fevers 
and headache. Differential diagnosis included 
toxoplasmosis and PCNSL. She was started 
empirically on anti-toxoplasma therapy, but 
did not respond. An alternative diagnosis 
of PCNSL was then made, and the patient 
improved with steroids. CT without (A) and 
with (B) contrast demonstrates a lesion in the 
right frontal lobe, extending into the corpus 
callosum, with a ring pattern of enhancement 
and surrounding edema. On MRI, T2 (C) and 
FLAIR (D) sequences show lesions involving 
the frontal lobes bilaterally, extending into the 
corpus callosum. Increased signal within these 
lesions is likely related to necrosis, with the 
surrounding high signal secondary to edema. 
The areas of the lesion that are isointense 
to normal brain parenchyma indicate the 
densely cellular areas. These are also the 
areas that enhance with gadolinium, seen on 
the pre- (E) and post-contrast (F) sequences, 
resulting in the ring enhancement pattern.
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FIG. 38.8. A 71-year-old female with 
systemic follicular lymphoma who pre-
sented with ataxia, slurred speech and 
diplopia. Coronal post-gadolinium T1-
weighted sequence shows an enhancing 
dural-based mass overlying the right pari-
etal convexity (A). Pre- (B) and post-con-
trast (C) axial images through the region 
of the internal auditory canal (IAC) on the 
left demonstrates abnormal and asym-
metric enhancement in the left IAC. The 
diagnosis was secondary leptomeningeal 
lymphoma.

FIG. 38.6. Two patients with similar imaging fi ndings. The fi rst is a 68-year-old female with new onset seizure. On MRI, FLAIR 
sequence (A) shows abnormal high signal in the corpus callosum and periventricular regions. The post-contrast T1 sequence (B) shows 
enhancement in the corpus callosum. The second patient is a 51-year-old male with progressive neurologic deterioration. Again, there 
is abnormal signal in the periventricular region on FLAIR (C) and subtle enhancement in the corpus callosum and periventricular region 
on post-contrast T1 (D). The fi rst patient had a high-grade astrocytoma, while the second patient had PCNSL.

A B C D

FIG. 38.7. A 74-year-old male with changes in mental status and diffi culty with ambulation. Non-contrast CT showed a hyper-
dense mass involving the deep gray matter on the right, extending into the splenium of the corpus callosum, with surrounding edema 
(A). MRI showed an isointense lesion in the same distribution with surrounding high signal edema on the FLAIR sequence (B). On the 
post-contrast T1 sequence (C), the lesion demonstrated homogeneous enhancement, with an enhancing satellite lesion more anteriorly. 
The patient had a known history of sarcoidosis, and the initial explanation for the neurological symptoms and imaging fi ndings was 
neurosarcoidosis. He went on to biopsy and the diagnosis was B-cell PCNSL.

A B C
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UNCOMMON MANIFESTATIONS OF 
PRIMARY CNS LYMPHOMA

Primary Leptomeningeal Lymphoma
Primary leptomeningeal lymphoma is a rare presenta-

tion of PCNSL characterized by lymphomatous involve-
ment of the leptomeninges in the absence of parenchymal 
CNS or systemic involvement. It accounts for fewer than 8% 
of all PCNSLs [39]. The most common clinical symptoms 
are those of raised intracranial pressure [40]. Meningismus, 
cranial neuropathies or spinal radiculopathies have also 
been described [39–41]. Cerebrospinal fl uid analysis has 
been inconsistent in showing the presence of malignant 
cells. Histologic analyses have revealed both B- and T-cell 
primary lymphoma of the leptomeninges [42,43].

Neuroimaging can often be unremarkable, or show 
non-specifi c fi ndings such as hydrocephalus. Less common 
fi ndings include meningeal calcifi cation [43] and meningeal 
or cranial nerve enhancement. Proton density or FLAIR MRI 
sequences may demonstrate high signal intensity in the sub-
arachnoid space, although this is a non-specifi c fi nding and 
can also be seen with other processes such as subarachnoid 
hemorrhage and meningeal infl ammation of any cause. 
A very rare presentation of primary leptomeningeal lym-
phoma is that of a cerebellopontine angle mass [44]. Only a 
few cases have been reported, and a lesion in this location 

may show effacement of the basal cisterns and enlargement 
of the ventricles on imaging. Due to its non-specifi c clinical 
and imaging fi ndings, the diagnosis of primary leptomenin-
geal lymphoma can be diffi cult and requires a high index 
of suspicion (Figure 38.9). Primary parenchymal CNS lym-
phoma with meningeal extension and systemic lymphoma 
with meningeal spread are both more common entities (see 
Figure 38.8) and must be excluded.

Intravascular Lymphomatosis
Intravascular lymphomatosis is a rare type of B-cell 

non-Hodgkin’s lymphoma characterized by the aggressive 
intravascular proliferation of lymphoid cells. The process 
is systemic and any organ can be involved, with or without 
clinical manifestation. The skin and central nervous system 
are the most frequent sites of involvement, with a neurolog-
ical presentation in over 80% of cases having been reported 
[45]. Isolated CNS involvement is frequent and is diffi -
cult to distinguish from other cerebral microangiopathies 
[46]. Presenting symptoms include mental status changes, 
dementia and focal or non-localizing neurologic defi cits as 
a result of ischemia caused by vessel occlusion [46–48]. The 
disease affects predominantly small blood vessels, more 
specifi cally arterioles, capillaries and post-capillary venules 
[46]. A few reports have described involvement of the corti-
cal veins and dural sinuses, although this is rare [49].

FIG. 38.9. A 64-year-old female with 
recurrent falls, headache and vertigo. 
Biopsy confi rmed primary leptomeningeal 
lymphoma. On MRI, axial T2 (A), FLAIR 
(B) and pre-contrast T1 (C) sequences dem-
onstrate a dural based lesion that is nearly 
isointense to brain parenchyma on all pulse 
sequences. There is also signal abnormal-
ity involving the subarachnoid space along 
the right cerebral convexity on the FLAIR 
sequence. On DWI (D), the lesion demon-
strates slightly increased signal (restricted 
diffusion). Axial (E) and coronal (F) post-
gadolinium sequences show homogeneous 
enhancement of the lesion.
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Diagnosis can be elusive, as hematologic abnormali-
ties are commonly absent and CSF analysis is non-specifi c. 
Prognosis remains poor, with a mortality rate over 80%. The 
success of therapy hinges on an early diagnosis prior to irre-
versible ischemic damage. Diagnosis is based upon biopsy of 
suspected sites of involvement. However, as the lesions are 
small and often located deep within the brain parenchyma, 
they are prone to sampling error; it is not uncommon for 
biopsy results to be non-diagnostic or fail to show the pres-
ence of intravascular tumor cells. Additionally, lesions found 
in sensitive areas of the brain may preclude biopsy. For these 
reasons it is estimated that, in up to 80% of cases, diagnosis 
is not made until histologic evaluation at autopsy [46].

Imaging fi ndings are variable, but intravascular lym-
phoma most commonly presents as multiple lesions scat-
tered throughout the cerebral hemispheres, with the 
brainstem and cerebellum less frequently involved [46,47]. 
Of the hemispheric lesions, the subcortical white matter 
is more commonly affected than the cortex and subcorti-
cal nuclei. These lesions typically demonstrate hyperin-
tensity on T2-weighted MR sequences, which appears to 
correlate with edema and gliosis on biopsy [47]. This can 
be a non-specifi c fi nding, often diffi cult to distinguish from 
age-related white matter changes. Another common pres-
entation of intravascular lymphomatosis is that of multi-
focal areas of ischemia and infarction [50], not surprising 
given the underlying pathology of small vessel occlusion. 
Lesions in various stages of evolution can be seen at one 
time. In the acute phase, ischemic lesions demonstrate 
high signal intensity on diffusion-weighted imaging (DWI). 
Hyperintensity can also initially be seen on FLAIR sequences 
(Figure 38.10). As these lesions evolve, they follow the 
expected signal characteristics of an ischemic small vessel 
stroke; the DWI hyperintensity will resolve, with persistence 
of abnormal FLAIR signal [46]. The chronic stage of these 
lesions is characterized by tissue loss and T2 hyperintensity, 
likely representing gliosis as a result of chronic ischemia 
and tissue damage. Subsequently, the T2 hyperintense 
lesions described earlier in this paragraph may be along the 
spectrum of ischemic changes related to vessel occlusion. 
Enhancement patterns are also variable, with less than one-
third of lesions demonstrating enhancement with gadolin-
ium on initial imaging. When enhancement is present, it 
can manifest as parenchymal mass-like enhancement or 
meningeal enhancement [46,47]. Spinal cord involvement is 
fairly common, but the sensitivity of MRI in detecting these 
lesions is low; less than 40% of patients with autopsy proven 
cord lesions had an abnormal MRI. When present, the most 
common signal abnormality was T2 hyperintensity. DWI 
and FLAIR signal abnormalities can be partially reversible 
and may correlate with response to chemotherapy [46].

Lymphomatosis Cerebri
In contrast to the usual presentation of PCNSL as soli-

tary or multiple mass lesions within the CNS, lymphomatosis 

cerebri is an extremely rare form of CNS lymphoma that 
manifests as a diffuse, infi ltrative process without formation 
of a distinct mass. The entity was fi rst described in 1999 [51], 
and only about fi ve cases have been reported in the literature 
since that time. In all of the reported cases, the clinical presen-
tation was that of a rapidly progressive dementia. MRI dem-
onstrated a diffuse white matter process with relative sparing 
of gray matter and a diffusely infi ltrating B-cell lymphoma was 
confi rmed in those cases that went to autopsy [52]. Contrast 
enhancement may be absent, suggesting that the blood–brain 
barrier remains intact [53]. Because the clinical and imaging 
features are similar to those of other diffuse white matter dis-
orders, such as demyelinating disease, leukodystrophy, small 
vessel ischemic disease, viral disease, Binswanger’s disease, or 
infi ltrating glioma (gliomatosis cerebri), biopsy is necessary 
for accurate diagnosis.

FIG. 38.10. A 48-year-old male with diffuse large B-cell lym-
phoma, who presented with an acute basal ganglia infarct. 
Biopsy showed intravascular lymphomatosis. Axial T2 (A) and 
FLAIR (B) MRI sequences demonstrate abnormal high signal in the 
basal ganglia on the right. The post-contrast axial T1 sequence 
shows the lesion to enhance (C). On DWI (D), the lesion demon-
strates restricted diffusion, consistent with history of recent infarct.
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Primary Lymphoma of the Spinal Cord
Accounting for about 1% of all PCNSLs [1], primary 

intramedullary spinal lymphoma is extremely rare, with 
only a handful of reported cases. Patients commonly present 
with focal neurologic defi cits, including pain, paresthesias 
and paresis. MRI typically reveals an intramedullary lesion 
with T2 hyperintensity and intense enhancement with the 
administration of gadolinium [54–56]. Surrounding edema 
may be present as well. Lymphomas of both B- and T-cell 
origin have been described in this location. The imaging 
fi ndings are non-specifi c and differential considerations 
include malignant glioma, metastatic disease and infl am-
matory processes such as multiple sclerosis and acute 
transverse myelitis. CSF analysis can often be non-specifi c 
and histopathological evaluation may be necessary for 
diagnosis.

Primary CNS Hodgkin’s Lymphoma
CNS involvement in Hodgkin’s lymphoma is uncom-

mon and is seen in less than 1% of patients with the disease 
[57]. When present, CNS involvement is usually second-
ary to disseminated disease elsewhere in the body and 
occurs at the time of relapse in most patients. Hodgkin’s 
lymphoma as a primary intracranial lesion is exceedingly 
rare, with only a few case reports in the literature [57–59]. 
Clinical symptoms at presentation are variable, ranging 
from memory loss and hemiparesis to cranial nerve palsies. 
Although meningeal involvement is common, neuroim-
aging may also reveal a parenchymal lesion without dural 
attachment. In cases where the meninges are involved, 
lesions may be indistinguishable from meningioma in clin-
ical presentation and imaging features [60].

Primary Intraocular Lymphoma
Intraocular lymphoma is a subset of PCNSL that may 

occur as a solitary lesion, or in association with lymphoma 
elsewhere in the CNS. Primary lymphoma of the globe 
often progresses to the CNS parenchyma and meninges. 
Patients often present with symptoms of chronic vitreitis, 
including complaints of blurred vision and fl oaters [61]. 
The diagnosis is contingent upon histologic analysis and 
is often delayed until a prolonged course of treatment for 
idiopathic vitreitis has failed [61,62]. Vitrectomy specimen 
or vitreous aspirate reveals diffuse large B-cell lymphoma 
in most cases (although T-cell lymphomas have also been 
reported). Neuroimaging plays little role in the diagnosis, 
but is routinely performed to assess for concurrent CNS 
disease.

Low-grade PCNSL
Low-grade lymphoma of the CNS is relatively rare, 

although its true incidence is currently unknown. One series 
of 40 patients with low-grade PCNSL described differences 
in clinical, pathological and radiological features compared 

to the more common high-grade subtype [63]. In this series, 
seizures were the most common symptom at presentation, 
while mental status changes were rare. The reverse is true in 
high-grade PCNSL, where mental status changes are com-
mon at presentation and seizures are less frequent. Due to 
the indolent course of the low-grade subtype, mean time 
to diagnosis from symptom onset is often longer relative to 
the high-grade subtype (approximately 15 months in this 
series compared to approximately 3 months for high-grade 
PCNSL). Prognosis is typically better for the low-grade sub-
type. Both B-cell and T-cell histologic types were identifi ed. 
While B-cell cases were much more common, the incidence 
of T-cell cases in this series (20%) was much higher than that 
reported for PCNSL of the high-grade subtype. On imaging, 
lesions of the low-grade subtype were more likely to dem-
onstrate hyperintensity on T2-weighted MRI sequences and 
moderate or heterogeneous contrast enhancement, and less 
likely to be periventricular in location compared to the high-
grade subtype.

MALT Lymphoma of the CNS
Mucosa-associated lymphoid tissue (MALT) lympho-

mas are characterized as low-grade B-cell lymphomas that 
occur in extranodal tissue. They were initially described 
in the GI tract, but have since been reported to develop in 
a variety of extranodal tissues. More recently, there have 
been reports of MALT lymphomas arising from the menin-
ges. Now classifi ed as extranodal marginal zone B-cell 
lymphoma of MALT-type, these lesions often present in 
the CNS as well-defi ned, dural-based masses that mimic 
meningiomas both in clinical presentation and imaging 
features [64–66]. There have also been a few reports of 
MALT lymphoma presenting as a cerebellopontine angle 
mass [67]. Due to its localized nature and slow growth, sur-
gical resection with or without adjuvant therapies is often 
curative.

Primary T-cell CNS Lymphoma
PCNSL of the T-cell type (TPCNSL) is rare, with the 

majority of cases having been reported in the immunocom-
petent population. There have been a few reports of AIDS-
related TPCNSL and, in these patients, an association with 
the human T-cell lymphotropic virus type I (HTLV-I) has 
been found [68]. In the largest published series of TPCNSL 
(45 patients), the presentation and outcome were similar 
to the B-cell subtype [69]. Imaging may reveal solitary or 
multiple lesions, which demonstrate variable enhance-
ment patterns. The following imaging characteristics were 
described on MRI in a series of seven patients: tendency 
to be subcortical in location; relatively high incidence of 
hemorrhage; ring pattern of enhancement; and cystic areas 
consistent with necrosis (Figure 38.11) [70]. Primary spinal 
and leptomeningeal lymphomas of the T-cell subtype have 
also been reported [71].
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INTRODUCTION
Sellar and juxtasellar lesions are common, with up 

to 27% of people having incidental pituitary tumors at 
autopsy [1]. Clinically, tumors in this region frequently 
present with endocrine abnormalities or symptoms related 
to mass effect on subjacent structures. Mass lesions in 
this region are not uncommon, accounting for 15–20% of 
all intracranial neoplasms. The most common lesions in 
adults are pituitary adenomas and meningiomas, while 
the most common lesions in children are craniopharyngi-
omas and hypothalamic/chiasmatic gliomas. In a review 
of 131 cases, Johnsen et al found that 54.2% of all lesions 
in this region were adenomas, 10.7% meningiomas, 9.6% 
craniopharyngiomas, 4.6% chiasmatic or hypothalamic 
gliomas [2]. The radiologic evaluation of suspected sellar 
and suprasellar lesions should include a contrast enhanced 
multiplanar MRI with dedicated small fi eld-of-view images 
through the region of interest. The exact protocol varies by 
institution and various protocols will be discussed later. 
In those patients in whom MRI is contraindicated, a con-
trast enhanced CT scan may be done, although the soft tis-
sue resolution is poor and signifi cant artifact renders this 
examination suboptimal. Often the imaging characteristics 
of a lesion, along with clinical history including patient’s 
age, will be helpful in formulating a differential diagnosis 
and aid in the clinical decision-making tree.

ANATOMY
The sella turcica is a bony depression in the sphe-

noid bone. The sella is bordered laterally by the cavernous 
sinuses, superiorly by the diaphragma sella (dural fold), 
anteroinferiorly by the sphenoid sinus and posteriorly by 
the pontine cistern. The pituitary gland normally sits within 
the sella. The gland itself is composed of an anterior lobe, 
intermediate (vestigial) and posterior lobe. The anterior 
lobe, adenohypophysis, forms about 75–80% of the gland 
and is a center for hormone synthesis, including thyroid 
stimulating hormone (TSH), adrenocorticotrophic hor-
mone (ACTH) and prolactin. The posterior lobe, neurohy-
pophysis, is connected to the hypothalamus by the pituitary 

stalk and receives hormones from the hypothalamus via 
the pituitary stalk (i.e. antidiuretic hormone (ADH)). The 
two can be differentiated on imaging because the pos-
terior lobe characteristically demonstrates increased 
T1 signal on unenhanced images while the anterior lobe is 
isointense to gray matter on T1-weighted images. However, 
in the fi rst six weeks of life the anterior pituitary is bright as 
well on T1-weighted images in 82% [3].

The size and confi guration of the pituitary gland is 
thought to vary by age and sex. In adults, the gland is 
slightly larger in females when compared to males. The 
height of a normal gland can be up to 9 mm [4]. The gland 
tends to enlarge during puberty and pregnancy. Therefore, 
caution must be exercised in suggesting pituitary gland 
pathology in young adolescent patients and women of 
child-bearing age.

IMAGING
Although CT is used at some institutions for the evalu-

ation of the sellar and juxtasellar regions, evaluation of this 
region is hampered by beam hardening artifacts related to 
the dense bone and by metallic artifacts from dental fi llings. 
Soft tissue resolution is poor when compared with MRI. 
However, CT is excellent for the evaluation of adjacent bony 
structures and the presence or absence of calcifi cations, 
both of which can be important in the differential diagnosis. 
CT should only be used as the primary mode of evaluation in 
patients in which there is a contraindication to MR. In these 
patients, 1 mm axial and coronal sections are obtained post-
contrast, with pre-contrast images in one plane being useful.

MRI, because of its multiplanar capability and supe-
rior soft tissue resolution, is the examination of choice for 
evaluation of sellar and juxtasellar lesions. Involvement 
of the subjacent structures such as the optic chiasm, cav-
ernous sinus, sphenoid sinus, orbit, temporal lobes and 
carotid arteries can be better evaluated with MRI. A small 
fi eld of view of 16–20, with thin sections of 3 mm or less 
and high resolution, with a matrix of 256 � 256 are essen-
tial. T1- and T2-weighted images are generally obtained, 
with T1-weighted images after contrast administration. 
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Sagittal and coronal imaging is most useful for imaging 
the pituitary and cavernous sinus region. At our institution 
we obtain a high-resolution three-dimensional sequence 
in the coronal plane with contrast for optimal evaluation of 
the pituitary. Because the pituitary lacks a blood–brain bar-
rier, it enhances intensely, early and more so than tumors, 
so that tumors generally appear as areas of non-enhance-
ment. Dynamic T1-weighted fast spin-echo imaging after 
a bolus of contrast can detect lesions not seen on standard 
imaging in 10–14% of cases [5,6]. However, in 12.5–17% of 
cases, lesions are better seen with standard post-contrast 
images and in 8–9% of cases lesions are seen with standard 
imaging and not with dynamic imaging [6]. For these rea-
sons, standard imaging is used in most cases, with dynamic 
imaging performed in problem cases.

Incidental lesions are frequently identifi ed on MR 
in the sellar region due to increased soft tissue resolution. 
Autopsy studies reveal incidental pituitary pathology in 
up to 27% of cases, most being incidental microadeno-
mas or pars intermedia cysts [1]. Focal 2–3 mm lesions 
on imaging will prove to be incidental as often as they 
are endocrinologically signifi cant [1]. In patients with 
incidental lesions, with normal laboratory values and no 
clinical symptoms, stability over a 2-year period on follow-
up imaging suggests a benign etiology and no further studies 
are necessary [7].

Venous sampling of the inferior petrosal or cavernous 
sinus is an invasive study that can be valuable in the diag-
nosis of a suspected adenoma and, in particular, Cushing’s 
disease, in cases where imaging has failed to identify a 
lesion. Catheters are placed from each of the femoral veins 
into the internal jugular veins and then advanced into 
each of the inferior petrosal sinuses [8]. Blood samples 
are obtained from each side both before and after stimu-
lation with corticotropin releasing hormone (CRH) and 
analyzed. This technique can reliably distinguish pituitary 
Cushing’s disease due to a microadenoma from ectopic 
ACTH syndrome, in patients with negative imaging and 
can frequently lateralize the lesion [9,10]. Although infe-
rior petrosal sinus sampling is usually performed, it has 
been shown that bilateral, simultaneous cavernous sinus 
sampling, using corticotropin-releasing hormone, is as 
accurate as inferior petrosal sinus sampling in detecting 
Cushing’s disease and perhaps more accurate in lateralizing 
the abnormality within the pituitary gland [11]. However, 
this procedure is not without risk. Miller et al reported that 
0.2–0.5% of patients undergoing the procedure suffered 
a major neurologic complication thought to be related to 
venous hypertension [12].

The discussion that follows is based on whether a 
lesion is solid, mixed solid and cystic or cystic, although this 
is a somewhat oversimplifi ed approach. Clearly, lesions that 
tend to be solid such as adenomas can be cystic or mixed 
and lesions that tend to be mixed solid and cystic such as 
craniopharyngiomas can be purely solid or purely cystic.

SOLID LESIONS

Pituitary Adenoma
Adenomas arise from the adrenohypophyseal cells and 

are the most common tumors of the sella turcica in adults. 
Although many different classifi cation schemes exist, pitui-
tary adenomas are most commonly classifi ed according 
to size and function (functioning versus non-functioning 
adenomas) [13–15]. Lesions smaller than 1 cm are classifi ed 
as microadenomas and those larger than 1 cm are classifi ed 
as macroadenomas. Microadenomas tend to be function-
ing lesions, whereas macroadenomas are usually non-func-
tioning lesions.

Johnsen et al reported that 54% of sellar and juxtasellar 
lesions in their series were pituitary adenomas [2]. Pituitary 
adenomas are usually seen in adults and are uncommon in 
children, representing less than 3% of all pediatric intrac-
ranial tumors [16]. However, pituitary adenomas occurring 
in the pediatric population are thought to be more aggres-
sive lesions and warrant more aggressive therapy than their 
adult counterparts [17]. The clinical presentation may be 
related to size of the lesion, presence or absence of hor-
mone secretion or degree of local invasion.

Approximately 60–70% of adenomas present with 
symptoms related to hormone secretion while the remain-
der present with symptoms related to mass effect [18]. 
Microadenomas most commonly present with a clinical 
picture refl ecting the hormone excess. The most common 
functioning adenomas are prolactinomas. Other func-
tioning adenomas include adrenocorticotropic hormone-
secreting tumors, thyroid-stimulating hormone secreting 
tumors and growth hormone secreting tumors. Non-
secreting adenomas go unrecognized until they produce 
symptoms such as visual compromise, due to compression 
of the optic chiasm, nerve or tract, or cranial nerve pathol-
ogy due to local invasion of the cavernous sinus.

Although adenomas are overwhelmingly benign, they 
have been known to metastasize, with seeding of the CSF 
[19], and are associated with an increased morbidity and 
mortality due to an increased incidence of cardiovascular 
disease and cerebrovascular disease [20,21]. Patients with 
non-functioning adenomas and acromegaly have also been 
shown to have a signifi cantly higher incidence of malig-
nancy than the general population [22].

The imaging appearance of pituitary adenomas is 
non-specifi c, and no inference to histology can be made 
from the sellar patterns. On MR, microadenomas appear 
as areas of non-enhancement (Figure 39.1). This refl ects 
the difference in enhancement pattern of normal pitui-
tary tissue when compared with enhancement patterns of 
adenomas. The gland is not generally enlarged, although 
they may result in a change in the contour of the gland, 
with the upper margin becoming convex, the fl oor of 
the sella demonstrating a down-sloping, or with deviation 
of the infundibulum. It has been reported that more 



than 90% of microadenomas can be detected by contrast 
enhanced MRI [1].

The MR appearance of macroadenomas can be vari-
able, although typically they follow gray matter signal on 
all sequences (Figure 39.2). Cystic changes can be seen in 
up to 18% of cases (Figure 39.3) [23]. Enhancement is also 
variable although generally intense and somewhat hetero-
geneous (Figures 39.4 and 39.5). A typical fi gure-of-eight 

A B

FIG. 39.2. Macroadenoma. (A) Sagittal T1-weighted image 
pre-contrast. (B) Coronal T1-weighted image post-contrast. 
Images demonstrate a mass lesion of the sella and suprasellar 
region. The unenhanced lesion has signal similar to gray matter 
on T1-weighted images and demonstrates mild to moderate con-
trast enhancement.

A B

FIG. 39.3. Cystic macroadenoma. (A) Sagittal T1-weighted 
image shows a hyperintense lesion involving the sella and supra-
sellar region. (B) Axial FLAIR image shows a bright focus within 
the lesion thought to represent cystic change.

A B

FIG. 39.4. Macroadenoma. (A) Coronal T2-weighted image. 
(B) Coronal T1-weighted image post-contrast. Images reveal 
a predominantly peripherally enhancing macroadenoma in a 
78-year-old male, invading the right cavernous sinus and com-
pressing the optic chiasm.

A B

FIG. 39.5. Macroadenoma. (A) Coronal T2-weighted image. 
(B) Coronal T1-weighted post-contrast. Sellar and suprasellar pitu-
itary adenoma which displaces adjacent vasculature and optic 
chiasm. Patient’s initial complaint was of visual disturbances.
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FIG. 39.1. Microadenoma. Conventional coronal T1-weighted 
image with contrast through the pituitary. The patient is a 
21-year-old female with headaches. She was not found to have 
signifi cant endocrine abnormalities. The image demonstrates a 
small hypointense (non-enhancing relative to the pituitary) lesion 
of the left pituitary consistent with a microadenoma.
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confi guration can be seen due to compression of the tumor 
at the diaphragma sella (Figure 39.6). Calcifi cations can 
be seen although they are not commonly associated with 
adenomas [24]. Adenomas may also hemorrhage especially 
in the setting of treatment with bromocriptine (Figure 
39.7). Although more commonly seen in the setting of 
craniopharyngiomas, edema can be seen along the optic 
tracts in the setting of any pituitary lesion compressing 
the optic tracts (Figure 39.8) [25]. Saeki et al proposed that 
this edema-like pattern is seen because of dilated Virchow-
Robinson spaces due to drainage obstruction related to the 
presence of a pituitary lesion [25].

Invasion of adjacent structures is seen in up to 35% 
of cases and is not indicative of malignancy (Figures 39.8, 

38.9 and 38.10) [26]. Approximately 10% of pituitary adeno-
mas involve the cavernous sinus (see Figures 39.4, 39.7 and 
39.10) [27]. Knowledge of involvement of the cavernous 
sinus is important in surgical planning because of increased 
morbidity/mortality related to the surgery regardless of 
histologic grade of the tumor. It has been reported that 
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FIG. 39.6. Macroadenoma. (A) Sagittal T1-weighted image 
pre-contrast. (B) Coronal T1-weighted post contrast. The patient is 
a 46-year-old male with lung cancer metastatic to brain. However, 
given the stability of this lesion and its confi guration ‘classic 
fi gure-of-eight’, it was thought that the pituitary lesion represented 
an incidental macroadenoma. The waist of the lesion is caused by 
the diaphragma sella through which the lesion has passed.

A B C

FIG. 39.7 Invasive macroadenoma with possible calcifi cations versus hemorrhage. (A) Sagittal T1-weighted image. (B) Axial 
FLAIR. (C) Post-contrast enhanced coronal T1-weighted image. This is an invasive macroadenoma involving the cavernous sinus which 
demonstrates areas of increased signal on T1-weighted images before the administration of contrast, as well as areas of decreased 
signal on FLAIR and T2-weighted images. These foci may represent calcifi cations or hemorrhage.

FIG. 39.8. Macroadenoma with edematous changes involv-
ing the optic tracts bilaterally. Axial T2-weighted image shows 
abnormal high signal in the optic tracts bilaterally compatible 
with edema related to a pituitary adenoma occupying the supre-
sellar region.



encasement of the carotid artery is the most specifi c sign 
of cavernous sinus invasion [28]. Cottier et al suggest that 
if the tumor encases the internal carotid artery by 25% or 
less, or the margin drawn between the medial aspect of the 
supra and intracavernous internal carotid artery was not 
invaded by tumor, the negative predictive value was 100% 
[29]. Asymmetric tentorial enhancement has also been 
described as a useful sign for suggesting invasion or severe 
compression by a sellar tumor on the cavernous sinus [30].

Prolactinomas and growth-hormone secreting tumors 
can be treated medically [31]. Bromocriptine is com-
monly used in prolactinomas, with MRI used to evaluate 
the patient’s response to therapy [32]. A decrease in tumor 
size can be seen as early as 1 week after the start of therapy. 
Additionally, MRI can detect post-therapy hemorrhage into 
macroadenomas and mass effect or inferior herniation of 
the chiasm as a result of a decrease in the tumor size [33]. 
Bromocriptine has been associated with an increased inci-
dence of intratumoral hemorrhage, also known as pituitary 
apoplexy [34]. The clinical syndrome is characterized by 
sudden headache, vomiting, visual impairment and men-
ingismus, caused by rapid enlargement of an adenoma due 
to hemorrhagic infarction [35]. Subarachnoid hemorrhage 
and vasospasm have been reported [36]. Octreotide is com-
monly used in patients with acromegaly due to excess 
secretion of growth hormone [37]. Trans-sphenoidal sur-
gery is the preferred approach to the resection of pituitary 
adenomas because it is associated with lower morbidity 
and mortality than the transcranial approach, which is gen-
erally the preferred approach for large tumors [38].

Meningioma
Meningiomas are the second most common primary 

brain tumors of the sellar and juxtasellar region represent-
ing 11% of tumors in this region and second only to pitui-
tary adenomas which represent 54% of all lesions [2,23]. 
Ten percent of all meningiomas occur in the parasellar 

region. Meningiomas can arise from the diaphragma sella 
(Figure 39.11), tuberculum sella, medial sphenoid ridge, 
optic nerve sheaths, clinoids (Figure 39.12), cavernous 
sinus (Figure 39.13) or clivus, as well as the planum sphe-
noidale (Figure 39.14). Rarely, meningiomas can be intra-
sellar, probably arising from the diaphragma or tuberculum 
sella and growing downward. Clinically, patients usually 
present with visual disturbances, because of involvement 
of the cavernous sinus, and without endocrine dysfunction.

On CT, calcifi cation is common, as is hyperostosis. 
Contrast enhancement is typically intense. MR is the 
examination of choice for meningiomas because of its 
multiplanar capability. On MR, meningiomas are typi-
cally isointense to gray matter on T1- and isointense or 
mildly to moderately hyperintense on T2-weighted images 
and demonstrate homogeneous and relatively intense 
contrast enhancement (see Figure 39.14), in contrast to 

A B

FIG. 39.10. Invasive macroadenoma. (A) Coronal T1-weighted 
post contrast. (B) Thin section T1-weighted post contrast. Images 
show a macroadenoma extending into the inferior right frontal 
lobe. The lesion invades the left cavernous sinus. Patient pre-
sented due to visual disturbances in the left eye.

A B C D

FIG. 39.9. Invasive macroadenoma. (A) Sagittal T1-weighted image without contrast. (B) Coronal T1-weighted post-contrast 
enhanced image. Images demonstrate a mass in the pituitary region which appears to invade the clivus. (C) and (D) Axial CT image 
at the level of the clivus (bone windows) shows destruction of much of the clivus related to an invasive adenoma. This is an 80-year-old 
male who had a CT scan of the head following a syncopal episode.
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macroadenomas where enhancement is not as intense 
and somewhat heterogeneous [39]. A dural tail is helpful 
although not diagnostic, being present in up to 57% of cases 
(see Figure 39.12A) [2]. The epicenter of the lesion is usually 
not in the sella, with the sella almost always being normal 
and the pituitary gland easily identifi ed. This is the major 
distinguishing factor from macroadenomas [39]. Another 
distinguishing factor is the fact that meningiomas typi-
cally encase and constrict the carotids (see Figure 39.13), 
whereas macroadenomas may encase but typically do not 
constrict vessels. Invasion of the carotid artery is frequently 
seen, even when there is no evidence of narrowing of the 
artery [40]. Making the diagnosis preoperatively is impor-
tant since meningiomas are treated via craniotomy rather 
than by a trans-sphenoidal approach. Surgical resection is 

considered to be the treatment of choice for meningiomas, 
whenever this can be accomplished with acceptable mor-
bidity. However, radiosurgery can also be an effective man-
agement strategy for many patients with meningiomas [41].

Chiasmatic and Hypothalamic Gliomas
Gliomas of the hypothalamus and optic pathways rep-

resent 5% of pediatric intracranial tumors [42]. The vast 
majority represent slow growing pilocytic astrocytomas, 
although malignant gliomas and, in particular, glioblas-
toma multiforme may occur, especially in adults [43]. The 
most common locations for pilocytic astrocytomas are the 
cerebellum, optic nerve and chiasm and hypothalamic 
region [44]. Pilocytic astrocytomas occur most commonly 

A BA B

FIG. 39.11. Meningioma of the diaphragma sella. (A) Pre-
contrast T1-weighted sagittal image. (B) Coronal post-contrast 
enhanced image shows a uniformly enhancing lesion arising 
from the diaphragmatic sella. The normally enhancing pituitary 
can be seen as a separate structure inferior to the lesion.

FIG. 39.12. Clinoid meningioma. (A) Coronal T1-weighted 
post-contrast enhanced image. (B) Axial T1-weighted post-
contrast enhanced image. Images show a homogeneously 
enhancing lesion which abuts the left anterior clinoid process. 
The coronal image also shows a classic dural tail (enhancement 
of the subjacent dura) extending across the planum sphenoidale 
suggesting the diagnosis of meningioma.

A B C

FIG. 39.13. Meningioma of the cavernous sinus. (A and B) Coronal post-contrast enhanced T1-weighted image. (C) Axial 
T1-weighted post-contrast enhanced image. The patient has transient vision loss. Images show a relatively homogeneously enhancing 
mass involving the left cavernous sinus, encasing and narrowing the internal carotid artery which is characteristic of meningiomas. 
Patient was a 51-year-old woman with a history of left-sided visual disturbances.



in the fi rst two decades of life, in 75% of cases [45]. Mean 
age of presentation is 5 years of age [46]. An association 
with neurofi bromatosis 1 (NF1) has been reported with up 
to 15–21% of NF1 patients developing pilocytic astrocyto-
mas, usually involving the optic nerve or chiasm [47, 48].

It is diffi cult to discern the site of origin of chiasmatic/
hypothalamic gliomas by imaging in most cases, since both 
the optic chiasm and the hypothalamus are involved regard-
less of the site of origin [49]. For this reason, both are dis-
cussed as one entity. Chiasmatic gliomas may occasionally 
demonstrate extension along the optic tracts or optic nerves 
thus indicating their site of origin. Patients usually present 
with visual symptoms, headaches and endocrine abnormal-
ities. Endocrine abnormalities occur in 42%, with growth 
hormone defi ciency being the most common [46,50].

MR is the examination of choice. The lesions tend to 
be solid with microcyst formation. They are usually iso- 
or hypointense on T1-weighted images, hyperintense on 
T2-weighted images and demonstrate variable enhancement 
with contrast. These lesions do not typically hemorrhage or 
calcify. The sella and its contents are usually normal [46,50].

Generally, the treatment of choice for pilocytic astro-
cytomas is resection, except for lesions involving the optic 
pathway and hypothalamic region where the treatment of 
choice is chemotherapy and radiation [44]. Chemotherapy 
may be used to postpone radiation treatment until after 
the age of 5, which may reduce neurological morbidity [42]. 
Chiasmatic/hypothalamic gliomas are more aggressive in 
the very young and in adults [42,51,52]. In NF1I the course 
is more indolent [42]. Survival is 93% at 5 years and 74% at 
10 years with chiasmatic lesions having a 19-year 44% sur-
vival [53]. The prognosis of chiasmatic gliomas is worse 
than with optic nerve gliomas [53].

Germinoma
The sellar and suprasellar region is the second most 

common location of CNS germ cell tumors. The most 

common location is the pineal gland. The most commonly 
occurring CNS germ cell tumor is a germinoma. Other 
germ cell tumors such as teratomas, embryonal carcino-
mas, choriocarcinomas and mixed tumors are much less 
common intracranially, particularly in the sellar and supra-
sellar region. However, these lesions are not as common as 
other CNS tumors, representing approximately 0.5–3% of 
all CNS tumors [54]. These lesions occur in children and 
young adults. Synchronous pineal and suprasellar lesions 
occur in 6–12% of germinomas and are considered diag-
nostic [55]. Primary suprasellar germinomas have no sex 
predilection, in contrast to pineal germinomas which show 
a male predominance [50]. The clinical presentation often 
includes hypopituitarism, diabetes insipidus and visual 
disturbances.

On MR, the mass appears as a well marginated, round 
or lobulated, homogeneous tumor with prolonged T1 and 
T2 relaxation times, which strongly enhances after gado-
linium administration (Figure 39.15). The presence of these 
imaging fi ndings in a young patient, along with a clinical 
history of diabetes insipidus, is a strong clue to the diag-
nosis of germinoma [56]. Also, germinomas may secrete 
beta-human chorionic gonadotropin or alpha-fetoprotein, 
which can be detected in the CSF or blood and can aid in 
the preoperative diagnosis. Germinoma cells frequently 
spread through the CSF. Therefore, imaging the entire neu-
ral axis may be helpful.

Biopsy is necessary prior to treatment except in the 
case of synchronous suprasellar and pineal lesions. The 
lesions are extremely radiosensitive, with over 90% of 
patients being effectively treated with radiation therapy 
alone. Germinomas are, however, also very chemosensitive, 
with reports suggesting that the dose and volume of radia-
tion required can be lessened with the addition of adju-
vant chemotherapy [57]. At our institution, intra-arterial 
chemotherapy after disruption of the blood–brain barrier 
has been used with good results. Radical resection offers 

A B C

FIG. 39.14. Meningioma of the planum sphenoidale. (A) Sagittal T1-weighted image demonstrates a mass lesion arising from the 
region of the planum sphenoidale along the midline, which is essentially isointense to gray matter. (B) Coronal T1-weighted image 
without contrast shows an isointense lesion in the anterior cranial fossa. (C) Coronal T1-weighted image post-contrast shows intense 
and uniform enhancement. The imaging fi ndings are classic for a meningioma of the planum sphenoidale.
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no benefi t over biopsy with subsequent radiation and or 
chemotherapy, making the preoperative diagnosis very 
important in decision-making [58]. Prognosis is good with 
10- and 20-year survival rates of 92.7% and 80.6% respec-
tively [59].

Metastasis
Metastases to the pituitary gland represent 1–4% of 

pituitary tumors, with 50% being of breast origin and 20% 
from lung [60]. Metastases to the sellar, suprasellar or para-
sellar regions may arise in the sphenoid bone or sinus, cav-
ernous sinus, pituitary gland, hypothalamus or surrounding 
soft tissues. It may be diffi cult to distinguish a metastasis 
from a primary pituitary abnormality on the basis of imag-
ing alone; however, the presence of bony destruction or the 
history of a known primary tumor may be helpful. The inci-
dence of pituitary metastases ranges from 0.14 to 28.1% of 

all brain metastases, the incidence being higher in autopsy 
series [61]. Sellar metastases appear to favor the posterior 
lobe of the pituitary and the pituitary stalk which may be 
related to the difference in blood supply when compared 
with the anterior lobe [62]. The posterior lobe of the pitui-
tary derives its blood supply primarily from arterial blood 
fl ow, whereas the anterior lobe receives most of its blood 
supply from portal vessels. These patients frequently 
present with diabetes insipidus which occurs in 33–70% of 
patients with symptomatic pituitary metastases, in contrast 
to only 1–2% of patients with pituitary adenomas (Figures 
39.16 and 38.17). Primary carcinomas of the pituitary gland 
are rare [63]. Metastases to the gland are more common.

Schwannoma
Schwannomas, which are tumors derived from the 

myelin sheath of peripheral nerves, can be found involving 

A B C

FIG. 39.15. Germinoma. (A) T1-weighted sagittal. (B) Axial T1-weighted post contrast. (C) Coronal T1-weighted post contrast. 
Images show a lobulated mass which appears to enhance uniformly in the sellar/suprasellar region. Patient was a 28-year-old female 
complaining of abnormal menses. Abnormal enhancement is also seen in the region of the lateral ventricles bilaterally compatible with 
tumor involvement.

A B C

FIG. 39.16. Metastatic anaplastic oligodendroglioma involving the pituitary stalk. (A) T1-weighted sagittal image. (B and C) 
Post-contrast enhanced coronal T1-weighted images show an irregular suprasellar lesion involving the infundibulum. The patient is a 
19-year-old male with a history of anaplastic oligodendroglioma in the right frontal lobe. Multiple lesions seen on brain MRI were 
thought to represent multifocal metastases due to CSF seeding.



the cranial nerves within the cavernous sinus and parasellar 
regions. In general, pituitary function is not affected; how-
ever, often the cranial nerves III, IV, V and VI are affected 
within the cavernous sinuses or in the suprasellar and pre-
pontine cisterns. Schwannomas most commonly arise from 
the trigeminal nerve, but may involve other cranial nerves 
as well [64]. Remodeling of the skull base foramina where 
individual nerves exit may occur. When multiple lesions 
are seen, neurofi bromatosis should be considered. On CT, 
schwannomas are usually hyperdense lesions with homo-
geneous enhancement and they may be hard to differenti-
ate from meningiomas. On MRI, they may be isointense or 
hyperintense to gray matter on T1-weighted images and 
they enhance homogeneously [64].

Hypothalamic Hamartoma
A hamartoma of the tuber cinereum usually presents 

as precocious puberty in a young child [65]. It is important 
to differentiate this lesion from a hypothalamic glioma, 
because the prognosis for hamartoma is much more favo-
rable. Imaging is best with thin-section coronal and sagit-
tal MRI. The fi ndings are usually characteristic: the mass 
arises from the undersurface of the hypothalamus and 
is exophytic. The nodular mass (�1 cm) hangs into the 
suprasellar cistern adjacent to the mammillary bodies. On 
T1-weighted images, the signal is isointense with normal 
brain and on T2-weighted images there is mild hyperinten-
sity or isointensity. The distinguishing feature is that these 
lesions do not usually enhance with contrast administration.

Pituitary Hyperplasia
The pituitary gland commonly enlarges during puberty 

and pregnancy. The gland may also increase in size in the 
setting of endocrine dysequilibrium. For example, in the 
setting of primary hypothyroidism, the pituitary gland will 
grow in size. This hyperplasia is thought to be related to 
lack of negative feedback on the hypothalamus by circulat-
ing thyroid hormone [66]. On imaging, the pituitary gland 
will appear enlarged, but will not show any non-enhancing 
lesions or non-uniformity on post-contrast enhanced 
images (Figure 39.18). Following therapy for hypothy-
roidism, the gland will decrease in size [67].

MIXED SOLID AND CYSTIC LESIONS

Craniopharyngioma
Craniopharyngiomas are the most common intracra-

nial tumor of non-glial origin in children, comprising up to 
10% of pediatric brain tumors [31,68,69]. They are formed 
from ectodermal remnants of Rathke pouch and are 

A B

FIG. 39.17. Infundibular metastases. (A) Coronal T1-weighted 
image through the sellar region. (B) Coronal SPGR post-contrast 
enhanced images through the infundibulum demonstrate a small 
enhancing lesion of the infundibulum in a patient with renal cell 
carcinoma representing metastatic disease.

A B C

FIG. 39.18. Pituitary hyperplasia. (A) Axial CT scan through the region of the pituitary shows a homogeneously enhancing 
mass. (B) Coronal post-contrast enhanced SPGR images demonstrated a prominent pituitary gland which enhances homogeneously. 
(C) Coronal T2-weighted image shows a prominent pituitary with uniform signal. Patient was a young female who had undergone a 
total thyroidectomy followed by I–131 therapy for thyroid cancer.
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composed of a squamous epithelium. Craniopharyngiomas 
can occur anywhere from the fl oor of the third ventricle 
(hypothalamus) to the pharyngeal tonsils, with 67% being 
found in the suprasellar region. These tumors have a bimo-
dal incidence, with peaks in the fi rst and fi fth decades. 
Although they are histologically benign, they are behaviorly 
aggressive, invading adjacent structures and thus making 
resection diffi cult. Recurrence is local, although meningeal 
seeding has been described [70].

Two distinct subtypes are recognized: the adamanti-
nous, which tend to occur in children, and the squamous-
papillary variants, which tend to occur in adults [71]. 
Craniopharyngiomas are thought to be part of a continuum 
of ectodermally derived cystic epithelial lesions which 
includes arachnoid cysts, Rathke’s cleft cysts, epidermoids 
and dermoids, with craniopharyngiomas being at the more 

aggressive end of the spectrum [72]. They typically present 
because of mass effect on the chiasm and hydrocephalus, 
with visual disturbances, headaches, pituitary and hypoth-
alamic dysfunction. Endocrine defi ciency is seen in 80%, 
with growth hormone defi ciency noted in 75% [73].

Craniopharyngiomas can be predominantly cystic 
(Figure 39.19), mixed cystic/solid (Figure 39.20), or entirely 
solid (Figure 39.21), although the mixed solid and cystic 
appearance is rather characteristic. Hemorrhage is not an 
uncommon fi nding, particularly within cystic portions 

A B C D

FIG. 39.19. Craniopharyngioma-cystic. (A) Sagittal T1-weighted image. (B) Axial T2-weighted image. (C) Axial FLAIR. (D) Coronal 
T1-weighted post-contrast enhanced image. The images demonstrate a predominantly cystic mass lesion in the suprasellar region. Post-
contrast enhanced images, as well as the T2-weighted images, show an enhancing solid nodular density associated with this cystic 
mass suggesting the diagnosis of craniopharyngioma.

A B

FIG. 39.20. Mixed solid and cystic craniopharyngioma. 
(A) Coronal T2-weighted image. (B) Coronal T1-weighted post-
contrast enhanced image. The images show a mixed solid/cystic 
lesion centered in the suprasellar cistern with marked enhance-
ment of the solid component on post-contrast enhanced images. 
The mass compresses and may invade the third ventricle resulting 
in hydrocephalus.

FIG. 39.21. Solid craniopharyngioma. Coronal T1-weighted 
post-contrast enhanced image shows a solid lesion in the supra-
sellar region which is a non-specifi c fi nding. This lesion was 
resected and found to represent a solid craniopharyngioma.



of the tumors. Craniopharyngiomas may grow to com-
press the optic chiasm superiorly, to displace the normal 
pituitary gland and stalk, invade the cavernous sinuses, 
and even to encase or occlude the carotid arteries. CT is 
the examination of choice for evaluation of calcifi cation 
which is seen in 87% of cases (see Figure 39.23) [74]. On 
MRI, high signal intensity on T1- and T2-weighted images 
is seen in cysts with high cholesterol content or with sub-
acute hemorrhage. Craniopharyngiomas can also be of low 
signal intensity on T1-weighted images if the cyst contains 
a large amount of keratin [75]. Fluid levels can be seen in 
cystic regions. Adamantinous craniopharyngiomas tend to 
be primarily cystic or mixed cystic-solid lesions that occur 
in children, whereas squamous-papillary subtypes tend to 
be predominately solid or mixed solid-cystic and occur in 
adults [71]. Distinguishing between the two has a prognos-
tic signifi cance since adamantinous tumors tend to recur. 
MRI can be helpful in distinguishing between the two, with 
encasement of vessels, a lobulated shape and the presence 
of hyperintense cysts favoring adamantinous tumors and 
a round shape, presence of hypointense cysts and a pre-
dominately solid appearance being seen with squamous- 
papillary tumors [71]. Calcifi cation, encasement of vessels 
and recurrence favor adamantinous craniopharyngiomas 
[71]. Enhancement tends to be heterogeneous with the 
solid portions of the lesion enhancing after the administra-
tion of contrast (Figure 39.20). Preoperative differentiation 
from arachnoid cysts, Rathke cleft cysts, epidermoids and 
dermoids can be diffi cult. Calcifi cation and solid compo-
nents are features more commonly seen with craniopharyn-
giomas [74]. In adults, calcifi ed aneurysms must be part of 
the differential of calcifi ed lesions in the sellar, parasellar 
and suprasellar region.

Treatment is primarily surgical, with the effi cacy of radio-
therapy being well documented. Gamma knife radiosurgery 
may also play a role, although there are no specifi c guidelines 
[76]. Recurrence-free survival after total resection is 86.9% at 
5 years, but falls to 48.8% with subtotal resection [77].

Epidermoid and Dermoid
Epidermoids and dermoids are uncommon, slow grow-

ing masses that account for 1% of all intracranial neo-
plasms [78]. These lesions are similar in their development, 
histology, behavior and imaging and for this reason are 
discussed together. Both lesions are generally considered 
developmental/congenital masses rather than neoplastic, 
arising from ectodermal heterotopia. Both cysts are lined 
with stratifi ed squamous epithelium, with dermoids adding 
mesodermal elements such as hair, sebaceous and sweat 
glands.

Epidermoids are slightly more common than dermoids 
intracranially. They typically spread along the basal surfaces, 
with the cerebellopontine angles being the most common 
location, followed by the parasellar region [79,80,81]. They 
are extra-axial lesions with only 1.5% being intracerebral 

[82]. They are overwhelmingly benign, although rarely 
they can be malignant. Average age of presentation is 37.3, 
with a male to female ratio of 3:2 [78]. The symptomatic 
onset is generally slow, lasting 2 years or more, although 
for suprasellar lesions it is much shorter [82]. Presenting 
symptoms may include headaches, visual problems, cra-
nial nerve symptoms and seizures, which typically indicate 
rupture. Rupture can produce aseptic meningitis, which 
can be lethal, although not necessarily so.

Epidermoids on CT appear as hypodense masses, with 
irregular borders and rare contrast enhancement. Dense 
lesions have been reported and calcifi cation is occasionally 
seen [81,83]. On MR, they typically are of low signal on T1- 
and of increased signal on T2-weighted images, following 
that of CSF on all pulsing sequences [78]. Classically, they 
can be differentiated from arachnoid cysts on diffusion-
weighted images where these lesions show restricted diffu-
sion and are bright, whereas arachnoid cysts are not bright.

Dermoids are midline lesions, occurring in the parasel-
lar, frontobasal region or posterior fossa [84]. Average age of 
presentation is 36.2 with a male to female ratio of 3:1 [78]. 
The complications of dermoids are similar to epidermoids. 
They can present with headaches, seizures, meningeal 
signs and transient ischemic attacks (TIAs) [84,85]. Most of 
these symptoms are indicative of rupture, which produces 
a chemical or aseptic meningitis and which can be lethal 
[84,86]. The CT appearance of dermoids is similar to epider-
moids. Their MR appearance depends on the amount of fat 
present, although generally they are of increased signal on 
both T1- and T2-weighted images [78]. CT or MR can both 
make the diagnosis of rupture, although MR is the preferred 
preoperative study [85].

Treatment is surgery, with 86% being in good or excel-
lent condition postoperatively. The 20-year survival of epi-
dermoids is 92.8%, with good survival even with recurrence 
[78]. Epidermoids have a classic mother-of-pearl appear-
ance at surgery.

Rathke Cleft Cyst
Rathke cleft cysts are epithelial cysts that arise from 

Rathke’s pouch remnants. Small Rathke cleft cysts are com-
monly found at autopsy in 12–33% of normal pituitary 
glands with cysts noted by imaging being much less com-
mon [87]. They are usually found in the pars intermedia 
between the anterior and posterior lobes of the pituitary 
[88]. Histologically, they have a single row of cuboidal or 
columnar epithelial lining in contrast to craniopharyn-
giomas, which have a squamous epithelial lining.

Rathke cleft cysts are usually intrasellar cysts (Figure 
39.22) but may be intrasellar and suprasellar, rarely purely 
suprasellar and have been described even in the sphenoid 
sinus [89]. They may be asymptomatic, although they fre-
quently present with endocrine abnormalities, headaches 
and visual fi eld defects, especially when there is suprasel-
lar extension [74]. Nishioka et al found that the presence of 
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anterior pituitary dysfunction or headaches was not related 
to cyst size, but was more likely to be present in patients 
whose cyst demonstrated a high/isointense T1-weighted 
signal as opposed to those demonstrating low signal inten-
sity [90]. Mean age of presentation is 38 years of age, with 
a female predominance of 2:1 [31,91]. Teramoto et al found 
that 87% of incidental lesions found in the medial aspect of 
the pituitary gland were Rathke cleft cysts, whereas 74% of 
incidental lesions centered in the lateral gland represented 
adenomas [92].

On CT, the sella may be normal or slightly expanded. The 
cysts can usually be seen as an area of low attenuation that 
is similar to CSF. Calcifi cation is seen in approximately 13% 
of cases usually peripherally, in contrast to craniopharyn-
giomas in which calcifi cation is seen in 87% of cases [74]. 
Peripheral rim enhancement may be seen [23]. On MRI, the 

cysts are usually isointense with CSF on all pulse sequences 
(see Figure 39.22). Occasionally, they may have a more 
unusual signal due to varying cyst fl uid composition. Cyst 
wall biopsy and aspiration, usually trans-sphenoidal, is 
considered to be curative with a low recurrence rate of 
5% [72,91].

Arachnoid Cyst
These non-neoplastic cysts are a rare cause of cystic 

lesions in the sellar region. As noted previously, it has been 
suggested that they are a part of a continuum of epithelial 
cysts at the more benign end of the spectrum behaviorally. 
They are thought to be developmental lesions arising from 
an imperforate membrane of Liliequist, which develops 
into a diverticulum and subsequently a cyst when it loses 
its communication with the subarachnoid space [93]. They 
tend to present at an older age, usually the fi fth decade, 
with headaches, visual fi eld defects and impotence [74]. On 
MR, these sellar and/or suprasellar cysts follow CSF signal 
on all pulsing sequences (Figure 39.23) as do epidermoids, 
but with no restricted diffusion which helps distinguish 
them from epidermoids. They are well defi ned, with no cal-
cifi cation and no enhancement [50,74].

Empty Sella
The term empty sella refers to a condition in which 

the sella is fi lled with CSF with signifi cant fl attening of the 
pituitary gland with possible enlargement of the sella tur-
cica (Figure 39.24). The etiology for this fi nding is thought 
to be a defect in the diaphragma sella which exposes the 
sella and its contents to CSF pulsations which, over time, 
enlarges the sella and fl attens the gland. It is generally con-
sidered an incidental fi nding with most patients with this 
fi nding demonstrating no clinical sequelae. However, some 
patients may have endocrine defi ciencies, headaches or 
visual disturbances. A strong statistical correlation between 

A B C

FIG. 39.23. Arachnoid cyst. (A) Sagittal T1-weighted image. (B) Coronal T2-weighted image. (C) Coronal T1-weighted post-
contrast enhanced image. Images show a non-enhancing lesion centered in the sellar/suprasellar region which follows CSF signal on 
all sequences and was thought to represent an arachnoid cyst. Patient was scanned following a traumatic event. The arachnoid cyst 
was an incidental fi nding.

A B

FIG. 39.22. Rathke’s cleft cyst. (A) Sagittal T1-weighted 
image without contrast demonstrates a cystic intrasellar lesion. 
(B) Coronal T2-weighted images show that this cystic structure fol-
lows CSF signal. The sella is expanded. This lesion was thought 
to represent a Rathke’s cleft cyst. Similar fi ndings could be seen 
in the setting of empty sella or arachnoid cyst.



an empty sella and idiopathic intracranial hypertension has 
been established [94].

PITUITARY STALK LESIONS
The thickness of the normal pituitary stalk is approxi-

mately 2 mm. The normal stalk enhances markedly on CT 
and MRI with contrast. The most common clinical prob-
lem associated with disease of the pituitary stalk is diabetes 
insipidus. When this is present, there usually is absence of 
the normal hyperintensity of the posterior pituitary noted 
on T1-weighted MRI. Diabetes insipidus may also occur as 
a result of transection of the pituitary stalk.

The differential diagnosis of a thickened stalk includes 
sarcoidosis, tuberculosis, histiocytosis X, germinoma, lym-
phoma (Figure 39.25), leukemia, metastasis (see Figures 

39.17 and 39.18) and ectopic posterior pituitary. A thick-
ened stalk can also be due to an extension of a glioma from 
the hypothalamus.

Clinical fi ndings may help in sorting out the etiology 
for pituitary stalk thickening. For example, in patients with 
neurosarcoidosis or tuberculous infi ltration of the stalk, the 
chest radiograph is generally abnormal and may be help-
ful in the differentiation from histiocytosis X. Clinically, 
patients with histiocytosis X may have skin lesions, oti-
tis media, or bone lesions, in addition to interstitial lung 
disease [95].

Neurosarcoidosis causing clinical symptoms is an 
uncommon manifestation of sarcoidosis. It has been 
reported that symptomatic neurosarcoidosis occurs in up 
to 5% of patients [96]. The most common clinical symp-
toms include cranial nerve dysfunction, aseptic meningitis 
related to leptomeningeal spread, hydrocephalus and dys-
function of the hypothalamic-pituitary axis such as diabe-
tes insipidus [96,97]. Neurosarcoidosis commonly affects 
the leptomeninges with fi ndings of basilar leptomeningitis 
affecting the pituitary gland region and subjacent struc-
tures [97]. Mass lesions as a result of sarcoid are less com-
mon (Figure 39.26).

MISCELLANEOUS LESIONS
Lymphocytic hypophysitis is a rare entity affecting 

the pituitary gland and stalk. It is thought to represent 
an infl ammatory disorder, although the exact cause is 
unknown [98]. Clinically, patients may complain of head-
ache, visual disturbances, symptoms related to diabetes 
insipidus or abnormal menses. The pituitary hormone lev-
els may be depressed. On imaging, the lesion may present 
as a mass involving the adenohypophysis and mimicking 
pituitary adenomas (Figure 39.27) and/or present as a mass 

A B

FIG. 39.26. Neurosarcoid. (A) Sagittal T1-weighted image. 
(B) Coronal T1-weighted image after contrast administration. 
Images show a lobulated mass involving the sellar and suprasel-
lar regions which enhances on post-contrast images. The patient 
was a 62-year-old man with known sarcoidosis complaining of 
visual disturbances. His symptoms improved following a steroid 
regimen.

A B

FIG. 39.25. Lymphoma. (A) Coronal and (B) axial T1-weighted 
images following the administration of contrast demonstrate an 
enhancing lesion involving the pituitary stalk in a patient with a 
history of systemic lymphoma. Findings resolved following chemo-
therapy for lymphoma.
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A B

FIG. 39.24. Empty sella. (A) Coronal T2-weighted image. 
(B) Coronal T1-weighted post contrast. Images show an empty 
sella with downward herniation of the optic chiasm. Patient was 
a young female with panhypopituitarism.



388 C H A P T E R  3 9  •  P I T U I TA R Y  A N D  S E L L A R  R E G I O N  L E S I O N S

primarily involving the infundibulum and the neurohypo-
physis. Lymphocytic hypophysitis may regress following 
steroid therapy.

Other entities that should be considered in the dif-
ferential diagnosis of lesions centered in the sellar and 

juxtasellar regions include aneurysms, lymphoma, leuke-
mia, teratoma, chordoma, chondrosarcoma, melanoma, 
nasopharyngeal carcinoma, mucoceles, lipoma (Figure 
39.28), hemangioma [99], pituitary astrocytomas [100], xan-
thogranuloma and choristoma (Figure 39.29) [101].

FIG. 39.28. Suprasellar lipoma. Midline sagittal CT image 
without contrast reveals a low density lesion, measuring 
[m]108 HU, of the suprasellar cistern representing an incidental 
lipoma. This was an incidental fi nding in a patient complaining 
of headache.
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INTRODUCTION
Neoplasms arising from the meninges predominantly 

have meningothelial cell origin. These include meningiomas, 
hemangiopericytoma and melanocytic tumors. In addition, 
mesenchymal non-meningothelial tumors and metastases 
can arise from meninges. These tumors are distinguished 
from other intracranial tumors by their extra-axial location 
and their rich vascular supply. Their extra-axial location 
often makes them amenable to surgical resection and cure. 
Imaging and image interpretation for these lesions aims to 
establish their extra-axial location, identify any invasion of 
adjacent structures such as the calvarium, the brain or the 
dural venous sinuses, confi rm their vascular nature and 
identify associations with congenital diseases such as neu-
rofi bromatosis. After reviewing a basic approach to imaging 
of these tumors, this chapter goes on to take a closer look at 
individual meningeal tumor types.

IMAGING OF EXTRA-AXIAL TUMORS
Features common to extra-axial meningeal tumors that 

can distinguish them from intra-axial tumors frequently 
include a dural attachment, displacement of the cortex away 

from the calvarium and often times a thin cerebrospinal fl uid 
space adjacent to the tumor (Figures 40.1 and 40.2). Because 
of their tendency to be vascular, these tumors often have 
high cerebral blood volumes when applying perfusion 
magnetic resonance imaging (MRI) techniques and lack 
an N-acetylaspartate (NAA) peak on MRI spectroscopy. 
Preoperative planning for meningeal tumor surgery and 
embolization includes imaging evaluation. This can help 
identify the location and extent of the tumour, the vascular-
ity of the tumor, the potential invasion of large vessels, such 
as the internal carotid artery, and the potential involvement 
of draining veins such as the dural venous sinuses. The 
location of the tumor should give the neurointerventionalist 
insight to the vascular supply of the tumor [1,2–6]. Imaging 
features, such as pattern of enhancement or presence of 
calcifi cations, may help assess tumoral vascularity and 
tumor type. Imaging may help assess whether sacrifi ce of 
the internal carotid artery may be necessary or whether the 
tumor has occluded the dural sinuses. If there is suspicion 
for invasion of adjacent dural venous sinuses, angiographic 
methods which evaluate these structures such as computed 
tomography angiography (CTA), MR venography or con-
ventional angiography often assist the surgeon for surgical 
planning.

CHAPTER 40

Meningeal Tumors
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FIG. 40.1. Intra-axial glioma mimicking a meningioma. (A) Sagittal (B) coronal post-gadolinium T1 and (C) axial T2 images of 
a heterogeneously enhancing mass closely applied to the dura. On coronal imaging there appears to be cortex partially surround-
ing the mass (arrow). There is no cleft of cerebrospinal fl uid separating the tumor from adjacent brain to confi rm extra-axial location. 
(D) Lateral view of left internal carotid angiogram demonstrates microvascularity within the tumor bed (arrows) but no tumor blush. 
This helps confi rm intra-axial location.



MENINGIOMAS
Meningiomas were fi rst described in 1614 by Felix 

Paster [1,7,8]. Meningiomas are tumours which are thought 
to arise from the arachnoid cap cells found in the arach-
noid granulations [7,9]. Meningiomas represent the most 
common benign intracranial tumor comprising 13–26% of 
all intracranial tumors [10]. It is noteworthy that, although 
the annual incidence is approximately 6 per 100 000 pop-
ulation, a 1.4% incidence has been reported in autopsy 
series. Many meningiomas are small and go unnoticed 
during life. The peak incidence is in the sixth and seventh 
decades of life and they have a 2:1 female predilection. They 
often occur in multiples, especially when associated with 
neurofi bromatosis type 2 (Figure 40.3) or when hereditary 
(Figure 40.4) [11,12]. Meningiomas have also been associ-
ated with radiation exposure and head trauma [13,14].

Meningiomas have historically been divided into 
many subtypes of which meningothelial, fi brous and tran-
sitional are the most common, however, the World Health 
Organization (WHO) classifi cation scheme is independent 
of subtypes [7–9]. The WHO classifi cation of meningiomas 
includes three grades. Grade I meningiomas are considered 
benign. Grade II and grade III meningiomas are termed atyp-
ical, comprising 4.7–7.2% of all meningiomas, and anaplas-
tic, comprising 1.0–2.8% of all meningiomas [11,12]. WHO 
grade II and III meningiomas occur more frequently with 
children and males [12]. Anaplastic meningiomas have been 
known to metastasize to the lung, pleura, bone and liver [12].

Surgical removal of meningiomas continues to be 
the most effective method of treating these tumors. 
Preoperative embolization has become an accepted proce-
dure which serves to devascularize highly vascular menin-
giomas without disturbing the blood supply to the adjacent 
normal structures. Embolization of a meningioma softens 
the tumour, reduces intraoperative blood loss and surgi-
cal time, and assists in more complete tumor removal. 
Advances in microcatheter technology and embolic agents 
and advances in the understanding of the functional anat-
omy of the head and neck have further contributed to the 
refi nement and extent of endovascular techniques [1,6,10].

Imaging Evaluation
Meningiomas are typically intracranial in origin, 

but can be found within the orbit and spinal canal [11]. 
They rarely have been reported in almost every organ. 
Intracranially, meningiomas occur most frequently along 
the cerebral convexities, especially along the falx cerebri. 
Intracranial origin in order of decreasing frequency of 
occurrence includes the parafalcine location, the falx, the 
sphenoid ridges and the posterior fossa (including petro-
clival location and foramen magnum). In addition, they are 
found at the tuberculum sella, olfactory grooves, the tento-
rium, optic nerves, petrous ridges and, rarely, intraventicu-
lar or even extracranial origin [15]. Symptoms and signs of 
meningioma vary according to size and location. Patients 
present with headache 36% of the time (Figures 40.4–40.6) 
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FIG. 40.2. Intra-axial metastasis 
compared to an extra-axial menin-
gioma. (A) Axial T2 and (B) axial 
post-gadolinium T1 images of a 
peripherally located mass with dural 
tail sign (white arrowheads), raises 
the question of extra-axial tumor with 
extensive vasogenic edema. Normal 
tissue begins to surround the tumor 
(white arrows) and no cerebrospinal 
fl uid cleft is identifi ed adjacent to the 
tumor. Meningioma, however, is still a 
differential consideration. Compare this 
to (C) T2 and (D) post-gadolinium T1 
images from a different patient with 
a homogeneously enhancing mass 
extra-axial meningioma. Note the cere-
brospinal fl uid cleft surrounding the 
mass (black arrowheads). (E) Diffusion 
MRI of the meningioma demonstrates 
no signifi cant diffusion restriction (high 
signal focus in the left hemisphere is a 
subacute infarction).
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[16,17], whereas other symptoms may be due to compres-
sion of adjacent structures such as cranial nerves (Figures 
40.7–40.9) or obstruction of the ventricles (Figure 40.10). 
Atypical imaging features do not imply atypical histology 
(Figures 40.11 and 40.12) [18].

CT imaging of meningiomas demonstrates isodense 
or slightly hyperdense tumours with a 15–20% incidence 
of tumoral calcifi cations (see Figure 40.8). Calcifi cations 
are more common in fi broblastic or transitional subtypes 
with dense calcifi cations occurring in psammomatous sub-
types. On unenhanced CT scans they are sharply circum-
scribed and tend to be hyperdense or isodense relative to 
gray matter. Meningiomas which are isodense relative to 
gray matter may be diffi cult to identify on non-contrast 
CT (see Figure 40.4). Meningiomas enhance uniformly fol-
lowing contrast administration. They demonstrate bony 
changes, usually in the form of hyperostosis in 20% of cases, 
(see Figures 40.3, 40.13 and 40.14) with more benign varie-
ties [18]. Hyperostosis associated with meningiomas has 
not been shown to be associated with either tumor size 
or grade [17,19]. Meningiomas associated with hypero-
stosis not invading the skull often display higher levels of 

alkaline phosphatase [20]. More aggressive varieties may 
demonstrate destructive changes (Figure 40.15). Lytic changes 
have been associated with intraosseous meningiomas 
(Figure 40.16) [21]. Abnormal enlargement of the paranasal 
sinuses has been associated with meningiomas as well [22]. 
Hypodensity within meningiomas has been attributed to 
the presence of cysts. These cysts may be a result of arach-
noid cyst formation, cystic degeneration or cerebrospinal 
fl uid trapped within the tumor [17]. Fatty transformation 
may also result in low density within the tumor, as with the 
rare lipomatous meningiomas [23,24]. Meningiomas which 
lack contrast enhancement or have heterogeneous or ring-
like contrast enhancement patterns may mimic other tumor 
types. Hemorrhage and necrosis within the tumor bed may 
also result in a heterogeneous appearance on both non-
contrast and contrast-enhanced CT [25,26].

Edema within the white matter adjacent to a meningi-
oma occurs in up to 75% of cases [27] and is best displayed 
on MRI (see Figures 40.4, 40.5, 40.8, 40.10, 40.11, 40.14, 
40.15, 40.17). The source of this edema is controversial, but 
thought to arise from either repeated mechanical injury to 
the adjacent brain, secretions from the tumor, or induction 
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FIG. 40.3. Olfactory groove meningioma with MR spectroscopy. Patient presenting with anosmia. (A) Non-contrast coronal and (B) 
contrast enhanced axial CT scans demonstrate a peripherally located mass similar in density to gray matter with a broad base to the 
dura associated with calcifi cations within the tumor bed. Further investigation was performed with (C) T2 coronal, (D) post-gadolinium 
coronal, (E) axial FLAIR and (F) MR spectroscopy. Extra-axial location is confi rmed by a narrow cerebrospinal fl uid cleft (arrows) on 
T2 imaging (C). The mass is associated with vasogenic edema and is heterogeneous in signal characteristics and contrast enhance-
ment. Heterogeneity can be in part attributed to calcifi cation. MR spectroscopy reveals low NAA, high choline and inverse lipid lac-
tate (arrow) peaks.



of edema from a factor secreted by the tumor [28]. It is not 
possible to predict histologic subtype, venous occlusion or 
tumoral vascularity based on the association of edema on 
imaging [17,29–31]. Some studies have suggested that there 
may be an association between edema, brain invasion and 
recurrence [32]. Secretory meningiomas have been shown 
to produce a greater amount of edema [33].

MAGNETIC RESONANCE IMAGING
MR signal intensity of meningiomas varies on T1, T2 and 

proton density (PD) sequences. In general, meningiomas 
are hyperintense on T2 and more so on PD. MRI better 
differentiates enhancing tumor from dura, however, one 
should be aware of dural reaction to the tumor in the form 
of an enhancing dural tail which does not contain tumor 
cells (see Figures 40.4, 40.6 and 40.7) [7–9]. The dural tail, 
however, is not specifi c for meningiomas and has been 
shown also to occur with lymphoma, peripheral gliomas 
and schwannomas [34]. The presence of adjacent osseous 
changes may help differentiate dural reaction from neoplas-
tic dural thickening.

Dynamic contrast MRI may be useful in separating 
typical from atypical meningiomas (see Figure 40.5); of the 
parameters tested, volume transfer constant, a measure 
of capillary permeability, appears to be able to distinguish 
typical from atypical meningiomas [35]. On diffusion-
weighted imaging, malignant meningiomas tend to display 
higher signal intensities (see Figures 40.2 and 40.16). Lower 
diffusion constants on diffusion-weighted MRI have been 
shown to be predictive of higher tumor grades [36]. MR 
spectra are dominated by choline signal, reduced signal 
from creatinine and phosphocreatinine and lack N-acetyl- 
aspartate (see Figure 40.8) [37,38].

ANGIOGRAPHIC EVALUATION
Angiographic assessment of meningiomas is use-

ful for preoperative planning and preoperative emboliza-
tion. Angiographic evaluation of these tumors depends on 
their location and the vascular territory that they occupy 
as depicted on multiplanar contrast enhanced MRI. 
Information derived from angiography should include [5]: 
dural arteries supplying the tumor; pial arteries supplying 
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FIG. 40.4. Perfusion MRI of a large meningioma. This patient presented with headaches, with no other symptoms. He was found to 
have a sizeable meningioma. (A) T1 sagittal, (B) T1 post-gadolinium sagittal, (C) T2 axial, (D) lateral internal carotid artery injection, 
(E) lateral external carotid artery injection, (F) axial perfusion cerebral blood volume map and (G) time intensity curves are shown 
here. Note the pial supply to the meningioma (black arrows) on the internal carotid artery injection (D), as well as the middle menin-
geal artery (arrow) supply on the external carotid artery injection. Notice that on perfusion imaging the meningioma typically demon-
strates a hyperperfusing mass with delayed contrast washout on time-intensity curves (arrows) relative to normal brain tissue.
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the tumor; the relationship of dural/pial arterial supply to 
the tumor; the detection of arterio-arterial anastomoses; the 
detection of abnormal origin of dural supplying arteries; 
the displacement of pial arteries; the transosseous supply 
of the tumor; the compression and/or encasement of the 
internal carotid, vertebral, or basilar arteries with skull men-
ingiomas; the collateral circulation to the brain; the inten-
sity of tumor staining and fl ow characteristics of the tumor; 
the venous drainage of the tumor; cortical venous changes 
and the status and patency of adjacent major dural venous 
sinuses (see Figures 40.5, 40.14 and 40.16).

Characteristic angiographic fi ndings for meningiomas 
include dilation of meningeal feeding arteries, radiat-
ing intratumoral dural arteries and a fairly homogeneous 
tumoral blush of varying intensity which persists into the 
late venous phase [15,39]. Degree of vascularity can vary 
depending on histologic subtype. Angioblastic and trans-
itional types tend to be more vascular than fi broblastic or 
syncytial varieties. Psammomatous subtypes are sometimes 
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FIG. 40.5. Subtle meningioma on non-con-
trast CT. A patient who presented with head-
ache underwent a head CT. Two meningiomas 
are not readily identifi ed on non-contrast CT 
images of the brain (A and B, arrowheads) 
due to small size and isodensity relative to 
adjacent brain. Follow-up CT of the head 
after a second presentation 4 years later dis-
plays a small amount of vasogenic edema (C, 
white arrowheads) adjacent to one of the two 
neoplasms (C and D). Post-gadolinium axial 
(E and F) and coronal (G) and T2-weighted 
(H) MRI of the brain suggest that this patient 
has multiple meningiomas. Note the dural reac-
tion adjacent to the tumor (black arrows) and 
the fl ow voids within the tumor (white arrows).

FIG. 40.6. Low-grade meningioma with dural tail. Post-
gadolinium coronal T1 MRI demonstrating a dural tail (arrow) 
and no evidence for vasogenic edema.



avascular [11]. The blood supply to a meningioma is typi-
cally from meningeal vasculature (see Figures 40.5 and 
40.14), however, additional supply or exclusive supply can 
be derived from transosseous vessels (see Figure 40.16), pial 
vessels (see Figure 40.5) and even choroidal vessels with 
intraventricular meningiomas (see Figure 40.10) [6].

At the current state of development of endovascular 
techniques, safe and effi cient embolization of pial supply 
to a meningioma is rarely possible [40]. As a result, emboli-
zation of meningiomas is most effective when an exclusive 
meningeal supply is present. In the case of meningioma 
with dominant pial supply, embolization is indicated if the 
dural supply to the tumor is diffi cult to access at surgery. 

This is often the case with basal meningiomas and poste-
rior fossa meningomas.

In general, meningiomas of the convexity, parasagit-
tal area and the falx cerebri receive dural supply from the 
branches of the ipsilateral middle meningeal artey. Those 
located closer to the midline may also receive supply from 
the contralateral middle meningeal artery. When meningi-
omas involving the convexities extend through the calvaria 
into the subgaleal space, they may receive transosseous 
supply from scalp arteries. Depending on their location, 
these meningiomas may receive supply from the superfi cial 
temporal, posterior auricular or occipital arteries [5,6].

Meningiomas involving the anterior portion of the falx 
may also receive supply from the artery of the falx cerebri 
which arises from the anterior ethmoidal artery of the oph-
thalmic artery. Furthermore, meningiomas involving the 
free margin of the tentorium and the wall of the inferior 
sagittal sinus often receive supply from the dural branches 
of the pericallosal and callosomarginal arteries. These 
arteries are usually not accessible to superselective embo-
lization due to the size and distal origin of these branches 
[5,6]. Because the territories involved are more dangerous, 
special care should be taken when embolization via the 
ophthalmic artery or cerebral vasculature is considered as 
described earlier. In a similar manner, meningiomas aris-
ing from the olfactory groove and those arising from the 
planum sphenoidale may receive dural supply from the 
anterior and posterior ethmoidal arterial branches of 
the ophthalmic artery.

Meningiomas involving the cavernous sinus and peri-
sellar region typically receive arterial supply from branches 
of the cavernous internal carotid artery such as the infero-
lateral trunk (see Figure 40.14) and the meningohypophy-
seal trunk, the accessory meningeal artery, the cavernous 
branch of the middle meningeal artery and the recurrent 
meningeal branches of the ophthalmic artery (see Figures 
40.14 and 40.16) [4–6]. Special considerations for emboliza-
tion via arterial feeders in this region have been described 
earlier in this chapter. In addition, in cases where there is 
encasement of the internal carotid artery or suspicion for 
invasion of the internal carotid artery as depicted on MRI 
or angiography, permanent balloon occlusion preopera-
tively should be considered.

When meningiomas are located in the middle cranial 
fossa or on the greater wing of the sphenoid, they typically 
receive supply from the sphenoidal branch of the middle 
meningeal artery. Meningiomas arising from the tentorial 
leaf can be divided into three types on the basis of loca-
tion. Those arising from the medial tentorial leaf, those 
arising from the anterolateral tentorial leaf and those aris-
ing from the posterior tentorial leaf. Meningiomas arising 
from the medial tentorial leaf have a tendency to recruit 
supply from the marginal tentorial artery which usually 
arises from the posterior bend of the cavernous carotid 
artery, however, it has also been found to arise from the 

A B

C

FIG. 40.7. Meningioma of the diaphragma sella. (A) Sagittal 
T1, (B) post-gadolinium sagittal T1 and (C) coronal T2 demon-
strate a neoplasm along the sella. The most common tumor in 
this location is pituitary adenoma, however, certain features may 
suggest a different diagnosis. The dural attachment and dural tail 
suggest the diagnosis of meningioma. A dural tail is less com-
monly seen with pituitary adenoma. Note a clear separation 
between the meningioma (white arrows) and the pituitary gland 
black arrows especially on the T2 images. Note the displacement 
of the optic nerve which can account for the patient’s symptoms 
of loss of visual acuity.
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horizontal portion of the cavernous carotid, the ophthal-
mic artery, the lacrimal artery and the accessory menin-
geal artery [5]. Meningiomas arising from the anterolateral 
portion of the tentorial leaf typically receive arterial supply 
from the lateral clival branch of the posterior bend of the 
cavernous carotid artery, and the basal tentorial branch of 
the petrosquamosal branch of the middle meningeal artery. 
Arterial supply to meningiomas arising from the posterior 
portion of the tentorium can be divided into supratentorial 
supply and infratentorial supply. The supratentorial supply 
usually includes middle meningeal supply via petrosqua-
mosal branches and parieto-occipital tentorial branches. 
Infratentorial supply includes branches of the mastoid 
artery, the posterior meningeal artery and the posterior falx 
artery. Origins of the posterior meningeal artery and the 
posterior falx artery are variable and may arise from the ver-
tebral artery, the posterior inferior cerebellar artery (PICA) 
or the occipital artery. In addition, the posterior meningeal 
artery has been found to arise from the neuromeningeal 
trunk of the ascending pharyngeal artery [6].

Petroclival meningiomas and meningiomas along the 
posterior surface of the petrous bone and of the cerebel-
lopontine angle are supplied by: clival branches of the 
internal carotid artery (ICA) anteriorly; branches of the 
petrosal branch of the middle meningeal artery superiorly; 
the ascending branch of the mastoid artery posteriorly and 
the jugular and hypoglossal branches of the ascending pha-
ryngeal artery inferiorly and centrally. The anterior ICA 
(AICA) often provides additional supply via the subarcuate 
artery [6]. Meningiomas adjacent to the cerebellar convex-
ity typically receive supply from the posterior meningeal 
artery and the artery of the falx cerebelli. In additon, pos-
terior fossa meningiomas frequently receive supplemetary 
pial supply via the superior cerebellar artery (SCA), the 
AICA and/or the PICA [6,41].

IMAGING MENINGIOMAS 
POST-EMBOLIZATION

Maps of relative regional cerebral blood volume have 
been also shown to provide hemodynamic information 
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FIG. 40.8. Meningioma in neurofi bromatosis type II. Axial enhanced CTs (A and B) demonstrate a right cerebellopontine angle 
(CPA) cistern extra-axial mass associated with calcifi cations (black arrows) and hyperostosis (white arrowheads) which are features 
suggestive of meningioma. Enlargement of the internal auditory canals associated with enhancing lesions (black arrowheads) suggests 
acoustic schwannomas, which are the most common CPA cistern lesions. (C) Post-gadolinium MRI identifi es bilateral acoustic schwan-
nomas and a cleft separating the CPA cistern lesion from the internal auditory canal lesion. Furthermore, the internal auditory canal 
lesion and the CPA cistern lesion differ in signal intensity on proton density MRI (D). This suggests the diagnosis of neurofi bromatosis II 
with bilateral acoustic schwanomas with a right CPA cistern meningioma.
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FIG. 40.9. Atypical meningioma. (A) Axial T1, (B) sagittal T1, (C) axial T2 and post-gadolinium T1 (D) MR images demonstrate 
an extra-axial mass adjacent to the right frontal lobe associated with vasogenic edema and mass effect. Histopathology revealed 
atypical meningioma.
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FIG. 40.10. Atypical meningioma. (A) Axial T1 (B) sagittal T1 (C) axial T2 and post-gadolinium T1 (D) MR images demonstrate 
an extra-axial mass adjacent to the right frontal lobe associated with vasogenic edema and mass effect. Histopathology revealed atypi-
cal meningioma.

regarding tumor perfusion and, as such, can monitor the 
treatment effect of embolization in meningiomas [42]. 
Comparing T1 post-gadolinium imaging to dynamic MR 
using a contrast bolus indicates that, following emboli-
zation, some areas of embolized tumor may enhance in 
a delayed fashion due to slow collateral fl ow (see Figure 
40.16) [42]. Tumor necrosis has also been demonstrated 
on the basis of MR spectroscopy. The spectroscopic data 
indicate high concentrations of lactate 24 hours follow-
ing embolization followed by broad aliphatic signal several 
days later [37,38,43–46]. Lipid signal appears to be associ-
ated with softer tumor at surgery [46]. Persistence of a lac-
tate signal is felt to indicate incomplete tumor embolization 
[37]. Spectroscopic experiments have suggested that the 
process of tumoral necrosis is complete four days following 
embolization. Based on this information, surgery should 
be planned following completion of the process of necrosis 
[37,38]. Sequential MRIs following embolization have shown 
that areas, which in the immediate post-embolization 
period did not enhance, variably did so over the next few 

days, especially along the periphery of the tumor bed. 
Histopathologically, this area of ‘re-enhancement’ corre-
sponded to vital tissue [46]. On the basis of MR fi ndings, it 
has been suggested that MRI and MRS following emboliza-
tion may serve a purpose to identify revascularization and 
establish the presence of fatty degeneration of the menin-
gioma [46].

MESENCHYMAL, NON-MENINGOTHELIAL 
TUMORS

As the name implies, mesenchymal tumors origi-
nate from non-meningothelial cells arising from the 
meninges. The most common of these tumors is the 
hemangiopericytoma (see Figures 40.18 and 40.19). They 
also include tumors arising from adipose tumors, fi brous 
tumors, fi brohistiocytic tumors, muscle tumors, osteocar-
tilaginous tumors, neoplasms arising from elements of the 
vessel wall and meningeal sarcomas. Their imaging var-
ies depending on the cell of origin. For example, lipomas 
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FIG. 40.12. Optic nerve meningiomas. (A) Axial and (B) coronal CT scans of a patient with ‘tram track calcifi cations’ along the 
optic nerves (white arrowheads) which are not visible on T1 MRI (C). They appear as dark outlines but are less conspicuous than on 
CT. ‘Tram track calcifi cations’ favor the diagnosis of meningioma. (D) Sagittal T1, (E) axial T2 and (F) post-gadolinium fat suppressed 
axial and (G) coronal T1 images of the orbits in a different patient demonstrate a more mass-like meningioma (arrows) arising from 
the nerve sheath and surrounding the optic nerve (black arrowhead).

FIG. 40.11. Malignant meningioma. (A) Axial T2 and (B) axial post-gadolinium T1 MRI demonstrate a mass with a broad base 
towards the dura with irregular margins with suggestion of tumor invasion into the brain (arrow) and adjacent vasogenic edema. (C) 
An axial bone window CT demonstrated bone lysis (arrowhead). On histopathology this was found to be a malignant meningioma.

A B C

tend to be hypodense on CT and display high signal on 
T1-weighted imaging and suppress with pulse sequence in 
which a fat saturation pulse is applied and chemical shift 
artifact on T2 images (Figure 40.20). Fibrous tumors tend 
to be very dense and on MRI display low signal due to lack 
of water. Although lipomas represent 0.4% of intracranial 
tumors, and hemangiopericytomas represent 0.4–1% of 
all intracranial tumors, sarcomas represent less than 0.1% 
of all intracranial tumors and have been predominantly 

reported in single case reports [47,48]. With the exception 
of rhabdomyosarcomas, which occur predominantly in 
children, there is no documented predilection for age or sex 
and no documented preferential location.

HEMANGIOPERICYTOMA
Intracranial hemangiopericytomas are rare tumors of 

mesenchymal origin arising from vascular pericytes within 
the meninges which are indistinguishable on histopathologic 
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FIG. 40.13. Cystic meningioma. (A) Sagittal T1, (B) axial post-gadolinium T1, (C) axial proton density and (D) axial T2 MR 
images of a cystic meningioma. Note that the cystic component does not follow cerebrospinal fl uid on the proton density image (black 
arrowheads). Note the vascular fl ow voids within the tumor bed (white arrowheads). Note the accordion-like effect of this extra-axial 
mass on the adjacent cortical layers.
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FIG. 40.14. Cystic meningioma. (A) Sagittal and (B) coro-
nal T1 MR images of a cystic meningioma. Compared to Figure 
40.13, the cystic component (white arrowheads) surrounds the 
solid component of the tumor. Note the hyperostosis (black arrow-
heads) depicted by loss of narrow and thickening of clavarium, 
as well as a small hemorrhage (white arrow) within the tumor 
and vascular fl ow voids (black arrows); all features which can be 
seen with meningiomas.

analysis from hemangiopericytomas arising from elsewhere 
in the body. Although hemangiopericytomas were described 
elsewhere in the body, intracranial hemangiopericytomas 
were fi rst described in 1954 by Begg and Garret, identify-
ing one case of dural based hemangiopericytoma and 
reviewing six cases of dural based tumors previously labeled 
as an angioblastic subtype of meningioma [49–51]. They 
constitute approximately 0.4–1% of all CNS neoplasms and 
tend to occur in younger age groups relative to meningi-
omas, with a mean presenting age of 37–44 and an M:F ratio 
of 1.4. Males tend to present at a younger age than females 
[52]. Hemangiopericytomas are highly vascular neoplasms 
with a propensity to invade adjacent structures, a ten-
dency to recur following surgical resection and an abil-
ity to metastasize. Aggressive management with complete 

resection, radiation therapy and frequent and prolonged fol-
low-up is advocated [53].

Their extra-axial location may confuse them with more 
aggressive meningiomas, however, more aggressive features 
may help suggest the diagnosis on imaging. They tend to be 
large (greater than 4 cm), lobular, extra-axial, hyperdense 
tumors, which enhance on CT with no evidence of calcifi ca-
tion [50,51,53]. They often have a broad based attachment 
to the dura, but often (11/34 cases) have a narrow dural 
attachment (see Figure 40.19). A narrow dural attachment 
is unusual for meningiomas. On CT, unlike meningiomas, 
they are more frequently associated with lysis rather than 
hyperostosis of adjacent bone (19/32 cases). There is some 
evidence to suggest that bone lysis is more frequently 
associated with anaplastic hemangiopericytoma, whereas 
lack of bone lysis on CT is more frequently associated 
with well differentiated forms. Hyperostosis has not been 
reported with hemangiopericytomas. These tumors tend to 
be heterogeneously hyperdense on CT, but can be homoge-
neously hyperdense. Similarly, contrast enhancement tends 
to be heterogeneous but can be homogeneous.

On MRI studies they are usually (13/17 cases) either 
homogeneously or heterogeneously isointense to gray 
matter on T1WI, but can be hypointense or hyperintense. 
They are usually (10/17 cases) either homogeneously or 
heterogeneously isointense relative to gray matter on T2WI 
[50,53]. As a rule they tend to have prominent serpentine 
vascular signal voids. A signifi cant amount of adjacent 
brain edema is almost always seen (30/34 cases) with these 
tumors [50]. Contrast MRI usually displays heterogeneous 
enhancement and may be associated with a dural tail.

Angiographic fi ndings include supply similar to men-
ingiomas with numerous corkscrew vessels. Early venous 
drainage typically seen with hemangiopericytomas is not typ-
ically seen with meningiomas. MRS demonstrates increased 
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choline and myo-inositol peaks and mildly increased lipid 
peaks [53].

MELANOCYTIC LESIONS
Melanocytic lesions are rare (0.06–0.1% of brain tumors) 

neoplasms arising from leptomeningeal melanocytes. These 
can be either diffuse or circumscribed and include: malig-
nant melanoma, melanocytoma and neurocutaneous mela-
nosis [54]. Melanocytoma is considered the most common 
of these and has an annual incidence of 1 per 10 million 
population [54].

Melanocytomas are considered benign lesions with a 
tendency to invade and recur locally. Melanocytomas are 
suspected to arise from melanocytes which are of neural 
crest origin frequently found scattered along the surface of 
the brain. Case reports in the literature indicate that they 
tend to be isodense or hyperdense relative to gray mat-
ter on CT with homogeneous enhancement and display 
high signal on T1- and low signal on T2-weighted imag-
ing. Hemorrhage within the tumor may infl uence its imag-
ing appearance. To a large degree, the signal characteristics 
depend on the degree of melanin concentration within the 
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FIG. 40.15. Paracavernous meningioma with angiography and embolization. Unlike pituitary adenomas, meningiomas often narrow 
the intracranial carotid artery. Axial CT scans without (A) and with (B) contrast demonstrate an enhancing mass isodense to gray matter 
associated with adjacent hypersostosis of the sphenoid bone. (C) Axial T1, (D) T2 and (E, F) post-gadolinium T1 coronal MRI images 
demonstrate homogeneous enhancement of this mass which surrounds the internal carotid artery (black arrow). AP and lateral projec-
tions of external carotid artery (G and I) and internal carotid artery (H and J) arteriograms demonstrate the vascularity of the menin-
gioma predominantly supplied via the internal carotid artery branches. Unlike pituitary adenomas, meningiomas tend to narrow the 
internal carotid artery as in this case (black arrow). There is also proximal round shift of the anterior cerebral artery (double arrowheads) 
due to this subfrontal mass located adjacent to the anterior cerebral artery. Embolization was performed via the inferior frontal branch of 
the middle meningeal artery (double arrowheads) and via the inferolateral trunk (L white arrowhead) of the internal carotid artery using 
balloon assistance (K white arrow). At the end of the embolization, the only supply left was via the recurrent meningeal artery from the 
ophthalmic artery (M). Embolization assists the surgeon in removing meningiomas more completely and with less blood loss.



tumor. The paramagnetic effect of melanin resulting in 
both T1 and T2 shortening infl uence the imaging appear-
ance of such tumors [55–58]. Differential considerations for 
melanocytoma include pigmented meningioma, melanotic 
schwannoma and melanoma. Progression of melanocytoma 
to malignant melanoma has been described [59].

Diffuse melanocytosis represents leptomeningeal 
proliferation of melanocytic cells. On imaging, diffuse 

melanocytosis displays diffuse leptomeningeal thickening 
with high signal on T1-weighted MRI [57]. Diffuse melano-
cytosis carries a poor prognosis [54]. Malignant melanomas 
display more aggressive features such as pleomorphism, 
high mitotic rates, necrosis, hemorrhage, invasion of the 
brain, radioresistance and a poor prognosis. Meningeal 
melanomatosis refers to malignant melanoma with diffuse 
meningeal spread [54].
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FIG. 40.16. Intraosseous meningioma before and after embolization. (A) Axial post-gadolinium T1, (B) axial T2 and (C) axial 
diffusion MR images before embolization of an intraosseous meningioma involving the right sphenoid bone, orbit and middle cranial 
fossa. The signal on diffusion imaging suggest lower grade. Pre- and post-embolization lateral (D and G) and anteroposterior (AP) 
(E and H) external carotid artery (ECA) and lateral internal carotid artery (ICA) (F and I) arteriograms demonstrate arterial sup-
ply (black arrows) via ECA branches including superfi cial temporal, deep temporal, accessory meningeal and middle meningeal as 
well as ICA supply via the recurrent meningeal artery from the ophthalmic artery. Post-embolization reveals minimal tumor blush on 
the ICA injection (white arrow). Note the mass effect on the anterior cerebral artery (black arrowheads). Post-embolization, there is 
substantially reduced enhancement (J). High signal foci within the tumor represent restricted diffusion (K and L) due to embolization 
rather than higher grade.
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A

E F G H

B C D

FIG. 40.17. Intraventricular meningioma. (A) Axial and (B) coronal CT demonstrate an intraventricular mass (white arrowheads) 
associated with calcifi cations (white arrow). (C) Sagittal T1, (D) axial T2, (E) coronal FLAIR and (F) post-gadolinium T1 images con-
fi rm an intraventricular mass. Lateral left internal carotid angiogram demonstrates anterior choroidal artery supply (black arrow) on 
arterial phase (G) and sustained vascular blush with enlarged draining veins (white arrows) on late venous phase (H).

A

C D E

B

FIG. 40.18. Recurrent hemangiopericytoma. (A) Sagittal T1, (B) axial T2, (C) axial FLAIR, (D) axial proton density and (E) post-
gadolinium T1 MR images of an extra-axial mass heterogeneous in signal characteristics on T1 and T2 but similar to gray matter. This 
mass has a narrow dural attachment (arrows) and associated vasogenic edema.



A B C

D E

FIG. 40.19. Recurrent heman-
gio-pericytoma with dural sinus 
invasion. (A) Axial T1, (B) axial 
T2, (C) post-gadolinium axial and 
(D) coronal T1 MR images of a 
recurrent hemangiopericytoma 
(white arrows) invading the trans-
verse and sigmoid sinuses (white 
arrowheads). (E) Venous phase of 
a lateral right internal carotid arte-
riogram demonstrates occlusion 
of the right transverse sinus (black 
arrow) with collateral venous drain-
age (black arrowheads). The nor-
mal course of the sigmoid sinus is 
indicated by the dashed white line.

A B C

FIG. 40.20. Cerebellopontine angle cistern lipoma. (A) Coronal T1, (B) axial T2 and (C) post-gadolinium axial SPGR T1 MR 
images of a right cerebellopontine angle cistern lipoma (white arrow). Chemical shift artifact (white arrowheads) suggests lipid content 
within the tumor. The seventh and eighth cranial nerves are noted to course through the tumor (black arrow).
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CHAPTER 41

Intracranial Schwannomas
Liangge Hsu

INTRODUCTION
Intracranial schwannomas (also known as neurino-

mas, neurilemmomas, neuromas) are often solitary encap-
sulated tumors that grow along the sensory distribution 
of cranial and spinal nerves or nerve roots. They were fi rst 
described 200 years ago, comprise approximately 5–10% of 
all intracranial tumors and are mostly located at the cere-
bellar pontine angle (CPA) [1,2]. Incidence is around 0.92–
1.9 per 100 000 and they often present between the ages of 
40 and 60 years [2,3]. Among these, 80–90% arise from the 
vestibular branch or ganglion of cranial nerve VIII [4]. There 
is a female to male predilection ratio of approximately 1.5–
2:1 [3]. Prevalence of incidental or asymptomatic acoustic 
schwannoma is about 2 in 10 000 people, slightly more in 
males [5]. These are rare tumors in children.

About 90–95% of vestibular schwannomas are solitary 
and 5–10% bilateral as seen in neurofi bromatosis 2 (NF2) 

FIG. 41.1. Axial pre- (left) and post-gadolinium (right) images 
of a left fi fth nerve schwannoma extending into Meckel’s cave.

A B

FIG. 41.2. Axial T2 (A) and post-gadolinium images (B) of 
left fi fth nerve schwannoma within Meckel’s cave with cystic 
component.

patients. Conversely, 95% of NF2 patients develop bilateral 
vestibular schwannomas [4]. While almost all isolated ves-
tibular schwannoma patients have somatic involvement, 
about 6% are mosaic for NF2 gene mutation [6]. In these 
instances, the age of the individual at presentation is the 
most important determinant of risk of NF2, with patients 
less than 30 years of age at high risk for the disease and 
those older than 55 years of age with negligible risk.

After CN VIII, the next most common location of intrac-
ranial schwannoma is CN V, representing approximately 
0.2% of intracranial tumors (Figure 41.1) [7]. These arise 
either from nerve root at the cerebellopontine angle or 
Meckel’s cave for intradural location, or extradurally from 
Gasserian ganglion. They tend to be more varied in appear-
ance and are more often associated with cystic components 
(Figure 41.2). There are also sporadic reports of trochlear, 
abducens, facial, vagal, glossopharyngeal and hypoglossal 
schwannomas in the literature (Figures 41.3–41.5) [8–11]. 
Facial schwannomas tend to arise at the geniculate gan-
glion (Figures 41.6 and 41.7) presenting with sensory hear-
ing loss rather than facial nerve palsy as the acoustic nerve 



A B

FIG. 41.3. Axial (A) and coronal (B) post-gadolinium T1 
images of small right third nerve schwannoma (arrows).

A B

C D

FIG. 41.4. Axial post-contrast CT (A and B), axial (C) and 
coronal (D) post-gadolinium T1 images of right dumb-bell shaped 
facial nerve schwannoma.

A B

FIG. 41.5. Small homogeneously enhancing glossopharyn-
geal schwannoma (arrows) on axial (A) and coronal (B) T1 post-
gadolinium images.

A B

FIG. 41.6. Axial (A) and coronal (B) post-gadolinium T1 
images of a small right facial nerve schwannoma (arrows) aris-
ing from the geniculate ganglion.

is more thinly myelinated. Intraparenchymal schwannomas 
are exceedingly rare with a slight male predilection of 1.6:1 
ratio. They are seen in a younger age group (�30 years) and 
have been reported in periventricular, brainstem and sellar 
locations [12–14].

Schwann cells are thought to originate from neural 
crest cells that migrate with the growing neurites during 
nerve development. All myelinated fi bers are ensheathed by 
Schwann cells, except at the nodes of Ranvier, to facilitate 

rapid transmission of electric impulses via saltatory con-
duction. Unlike neurofi bromas that contain all elements of 
nerve including Schwann cells, nerve fi bers and fi broblast 
causing splaying of the axon, schwannomas do not consist 
of nerve tissue [15].

PATHOLOGY
Histologically, vestibular schwannomas are composed 

of a variable percentage of two components. The usually 
more abundant Antoni type A (Figure 41.8) component is 
more compact consisting of interwoven bundles of fusiform 
cells and collagen whorls and reticulin fi bers. They may 
arrange in a palisading pattern around a nuclear free zone, 
named a Verocay body. The more loosely packed Antoni 
type B (Figure 41.8) is made up of spindle and polygonal 
cells randomly scattered within a loose matrix, often with 
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microcystic or mucinous areas that may coalesce to form 
larger cysts. Occasionally, other variants are seen consist-
ing of fi broblastic changes with dense collagen bands, cal-
cifi cation, fatty or xanthomatous changes and intratumoral 
vascular thrombosis (hyaline thickening of vascular wall) or 
sometimes even hemorrhage. Ancient change in schwan-
noma describes a histologic variant with biphasic features 
that result from degenerative changes from a long-stand-
ing tumor [16]. The spindle shaped cells stain positively for 
S-100 protein and vimentin.

Malignant schwannomas (1%) are very rare, but are 
often seen in NF patients, characterized by focal areas of 
extremely high cellularity, pleomorphism and mitosis in 

an otherwise typical benign tumor. They can either arise 
from pre-existing tumors (latency 10–20 years) or can be de 
novo, often seen in a younger age group (15–39 years). The 
rare intraparenchymal schwannomas are thought to origi-
nate from perivascular Schwann cells of innervated arter-
ies, dural cranial nerves site or ectopic cell crests [15].

Clinically, these tumors often present with gradual 
and progressive asymmetric and unilateral (except in NF2 
patients) hearing loss, especially of the higher frequency 
pattern. About 10% have sudden hearing loss thought to 
be secondary to acute vascular compromise of auditory or 
cochlear nerve [4,14]. Tinnitis and dysequilibrium result 
from pressure exerted on the cochlear and vestibular divi-
sions of the acoustic nerve. When involving cranial nerve 
V, they have weakness in the masticator muscles and less 
commonly present with facial pain. Diplopia suggests cav-
ernous sinus extension and vertigo and lower cranial nerve 
palsies signify lower or skull base involvement [17].

IMAGING
Acoustic neuroma is somewhat of a misnomer as it 

mostly arises from the vestibular division of CN VIII, origi-
nates from Schwann cells and does not contain nerve tis-
sue. A better and more accurate term would perhaps be 
vestibular schwannoma. The development of MR imag-
ing, especially with contrast, has markedly facilitated the 
diagnosis of eighth nerve schwannomas, especially the 
small intracannalicular ones that do not cause widening 
of the internal auditory canal (IAC). These tumors enhance 
intensely due to a lack of blood–brain barrier. Contrast 
enhancement tends to have a rapid initial decrease (15 min 
after injection) followed by a slower decline [18]. Maximum 
enhancement can be reasonably anticipated within half an 
hour after injection. Contrast gives an overall sensitivity of 

A B

C

FIG. 41.7. Same patient as in Figure 
41.6 demonstrating (clockwise top left) bony 
enlargement of the course of right facial 
nerve secondary to schwannoma (arrows).

FIG. 41.8. Histology showing both Antoni type A (more com-
pact left) and type B (loosely packed right) cells in the same 
schwannoma.
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FIG. 41.9. Axial bone window CT (A), axial T2 (B) and post-gadolinium T1 (C) images show widened right IAC from a right ves-
tibular schwannoma.

A B

FIG. 41.10. Left vestibular schwannoma with both intra- and 
extracanalicular components on axial T1 post-gadolinium images.

almost 100% with the ability to detect a volume as small as 
0.06 mm3 [19,20]. On CT, schwannomas are iso- or low den-
sity relative to brain and sometimes contain cystic compo-
nent or rarely calcifi cation. Rarely, a lipid rich and larger 
Antoni A component tumor can impart a lower attenuation 
on CT [21].

About 70% of the time there is widening of the IAC, 
best seen with bone windows on thin section CT images 
(Figure 41. 9). The majority of eighth nerve schwannomas 
have both intra- and extracanalicular components. The 
reason is that the transition zone between the oligodendro-
cytes and Schwann cells lies in close proximity to the ves-
tibular ganglion at the opening of the porus acousticus and 
schwannomas tend to grow bi-directionally from this junc-
tion (Figure 41.10) [22,23]. The next most common pattern 
is purely intracanalicular (Figure 41.11) followed rarely by a 
pure extracanalicular lesion (Figure 41.12).

On T1 MR images they tend to be iso- or hypointense to 
brain while heterogeneously hyperintense on T2 sequence. 

It is thought that mucopolysaccharide contributes to lower 
T1 signal, while collagen imparts a low T2 signal [24,25]. 
In fact there has been description of ‘target’ sign on T2 
sequence whereby centrally a low signal is seen secondary 
to fi brocollagen surrounded by peripheral high signal from 
myxomatous matrix. It was thought that this so-called ‘tar-
get’ sign is not seen in malignant schwannomas [26]. Long-
standing schwannomas are also more likely to have cystic 
degenerative changes and hemorrhage (Figure 41.13).

A

B C

FIG. 41.11. Axial bone window CT (A), axial (B) and coro-
nal (C) post-gadolinium T1 images show widened right IAC due 
to an intracanalicular vestibular schwannoma.
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Schwannomas tend to be slow growing with most at a 
rate of about 0.02 cm/year, some 0.2 cm/year and rarely at 
1 cm/year [27]. Most present as medium sized lesions of 
about 2 cm with 2–4 cm defi ned as large lesions and �4 cm 
as giant schwannomas (Figure 41.14). The latter tend not to 
contain any canalicular component. Pregnancy may accel-
erate the growth of schwannomas with worsening of symp-
toms [28].

A standard MR protocol at our institution for IAC 
lesions includes axial T1, T2 (5–6 mm slice), FLAIR (fl uid 
attenuated inversion recovery) and diffusion sequences 
of the brain with additional thin section (1–3 mm) FIESTA 
(fast imaging employing steady-state acquisition) images 
acquired; the latter is best for identifying facial, cochlear, 
and vestibular nerves, as well as the anterior inferior cer-
ebellar artery (AICA) (Figure 41.15). Thin section axial and 
coronal (1–3 mm) pre- and post-gadolinium T1 images 
through the IAC are also performed. Some have also found 
that hearing preservation is better if labyrinth signal is 
normal on 3D T2-weighted volume images [29]. Main dif-
ferentials for schwannoma are from meningioma (Figure 
41.16), metastasis (Figure 41.17) and other extra-axial proc-
esses such as epidermoid (Figure 41.18) and non-acoustic 
schwannoma.

As most schwannomas occur at the cerebellopontine 
angle, one often needs to differentiate this from a menin-
gioma. There are a few observations that can help in such 
instances. Schwannomas tend to be isodense and calcify 
less commonly on CT. They are globular, centered at the 
porus acousticus with acute margins, while meningiomas 
often arise along the petrous bone and are more sessile in 
shape with obtuse margins. Schwannomas are also more 
heterogeneous in appearance with cystic changes and tend 

FIG. 41.12. Axial T1 post-gadolinium image with a purely 
extracanalicular right vestibular schwannoma.

A B

C

FIG. 41.13. Bony (A), non-contrast (B) CT and coronal non-
contrast T1 (C) images show a large left vestibular schwannoma 
with hemorrhagic component seen as high attenuation on CT and 
bright signal on T1.

FIG. 41.14. Giant inhomogeneously enhancing right vestibu-
lar schwannoma on axial post-gadolinium T1 image.
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FIG. 41.16. Axial T2 (A) and post-gadolinium T1 (B) images 
show a broad based homogeneously enhancing left meningioma 
centered at the left petrous bone with dural tail (arrow) extending 
into the left IAC.

A B

FIG. 41.17. A rare mesothelioma metastasis to the left IAC on 
axial T2 (A) and post-gadolinium T1 (B) images.

to widen the internal auditory canal. Meningiomas, on the 
other hand, are more commonly associated with a dural tail 
(Figures 41.16 and 41.19).

After radiotherapy, more than 80% (most centrally) 
show loss of enhancement (Figure 41.20), 5% show increase 
and about 11% show no changes. There is, however, no 
correlation between the volume of tumor to enhancement 
[30]. Adjacent brain, such as the pons, may also show mild 
enhancement after radiation [31,32].

NEUROFIBROMATOSIS II
Neurofi bromatosis II (NF2) is an autosomal dominant 

highly penetrant phakomatosis that does not have any sex 
or racial predilection [33]. Half of affected patients are due 
to new gene mutations while the other 50% are inherited 

FIG. 41.18. Non-enhancing amorphous right CP angle epi-
dermoid on axial diffusion (A), T2 (B) and post-gadolinium T1 
(C) images.

A B

C

FIG. 41.15. FIESTA image demonstrates high-resolution visu-
alization of bilateral seventh-eighth nerve complex (arrows).
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FIG. 41.19. Axial non-contrast CT (A) and post-gadolinium T1 
images (B) show a calcifi ed left CP angle meningioma.

A B

FIG. 41.20. Axial post-gadolinium T1 images show heteroge-
neous enhancing right vestibular schwannoma before (A) and 
decreased enhancement and necrosis after radiation (B).

A B

[34,35]. They often present with multiple cranial nerves 
especially bilateral vestibular schwannomas (VS) by the 
age of 30. About 18% of patients manifest before 15 years of 
age and often develop spinal tumors and skin lesions. The 
Wishart type has an early onset (early 20s), multiple tumors 
including bilateral vestibular schwannomas and a severe 
clinical and rapid course. A second or Gardner type has 
later presentation, bilateral VS and a more benign course 
with fewer tumors. The third or segmental NF2, which con-
stitutes about 25% of cases, has somatic mosaicism with 
mutation occurring during embryogenesis rather than 
germ line DNA, resulting in altered genetic material in only 
a portion of the patient’s cells [4,36].

It is thought that the disorder arises due to the alteration 
or loss of genetic material and occasional translocation of 
the NF2 gene locus [37] on chromosome 22q12.2 that codes 
for a protein named ‘merlin’ (moezin-ezrin-radixin-like-
protein). It has high homology to a family of cytoskeletal-
associated proteins and possesses tumor suppression 

activity [38]. This gene consists of 110 kilobases with 16 con-
stitutive exons and alternatively spliced exon [38,39] whose 
function is thought to include regulation of the signaling 
of Rho GTPase. There are at least 150 different mutations 
described where most are point mutations [40]. Missense 
mutations [41] are thought to give a milder form of the dis-
ease while nonsense, frame shifting [42,43] and truncating 
mutations [44] are associated with more severe phenotypes. 
The deletion or mutation results in increased risk of devel-
opment of schwannomas, meningiomas, ependymomas, 
gliomas and juvenile posterior subcapsular lenticular opac-
ity (pediatric population) [45,46]. Variability in expression 
results in differing size, location and number of tumors. 
Larger deletions can also cause mental retardation and con-
genital abnormalities [47]. Milder phenotypic form of the 
disease is often seen in individuals with somatic mosaicism 
with unilateral vestibular schwannoma and other ipsilat-
eral tumors [48]. Genetic testing of these patients may give 
misleading information because their lymphocytes can be 
normal, thus necessitating direct tumor tissue analysis for 
proper diagnosis [6]. Recent reports indicate that 25–30% 
of NF2 patients without a family history are mosaic for the 
mutation [49,50]. Prevalence of NF2 is approximately 1 in 
210 000 with incidence of 1 in 30–40 000 [51].

Over the years there have been various modifi cations 
of the NIH consensus criteria for the diagnosis of NF2 cur-
rently listed as [4]:

• Bilateral vestibular schwannomas
• First-degree relative with NF2 and
 • Unilateral vestibular schwanoma or
 •  Any two of: meningioma, schwannoma, glioma, 

neurofi broma, cataract
• Unilateral vestibular schwannoma and any two of
 meningioma, schwannoma, glioma, neurofi broma, 

posterior subcapsular lenticular opacities
• Multiple menigiomas and
 • Unilateral vestibular schwannoma or
 • Any two of: schwannoma, glioma, neurofi broma,
  Cataract.

Besides using for diagnostic purposes, genetic testing 
is also employed for early detection of patients (primarily 
children) of classically affected parents, for better manage-
ment of the disease over time.

Unlike sporadic schwannomas, the tumors associ-
ated with NF2 tend to be more invasive [52] and encase the 
entire vestibulocochlear and facial nerves, are bilateral and 
occur at a younger age (20–30s) [45]. Those with concomi-
tant meningiomas have a ten-fold increase in growth rate. 
Patients often present with hearing loss, facial weakness, 
tinnitus, balance problems and seizures [53]. Malignant 
transformation is rare and can be iatrogenic from prior 
radiation. There have been reports of malignant transfor-
mation of about 5% in radiated compared to 1% in non-
radiated patients. Other symptoms are mass effect from 



meningiomas, non-acoustic schwannomas, skin tumors 
and visual loss, the latter two most often being the initial 
presentation in children.

Spinal tumors are also commonly found in two-thirds 
of patients and are debilitating and diffi cult to manage [54]. 
Although the tumors are rarely malignant, they are, how-
ever, situated at locations and in proximity to vital struc-
tures that result in high morbidity and mortality. Usual 
time of survival from initial diagnosis is about 15 years with 
average age of death at 36 years old [51]. The age at pres-
entation, presence of meningioma and whether treatment 
was conducted at a specialty center are all predictors of 
mortality risk. In recent years, mononeuropathy in child-
hood and polyneuropathy in adults not directly associated 
with tumors are increasingly recognized [55].

Schwannomatosis is a genetically and clinically distinct 
disease from NF2 characterized by multiple schwannomas 
including intracranial, spinal root and peripheral nerves 
except the vestibular location. There are familial cases with 
an autosomal dominant inheritance but with variable gene 
expression and penetrance. The genetic locus of this dis-
ease has been found to be near but separate from the NF2 
gene [49,56,57].

As in the sporadic form, contrast MR imaging is the 
gold standard for detecting vestibular schwannomas and 
other intracranial lesions (Figure 41.21). This is due to the 
multiplanar, non-invasive, radiation free and numerous 
pulse sequence capabilities of MR imaging. CT may be bet-
ter in visualizing choroid plexus and cortical calcifi cations 
and is also performed in patients who cannot undergo 
MR imaging.

MANAGEMENT AND TREATMENT
The average growth rate for vestibular schwannoma is 

approximately 1 mm3 per year. The tumor size and location, 

age, NF2 and degree of hearing loss are important factors 
in the management of these patients. There is no correla-
tion between initial tumor size and growth rate. In the spo-
radic population, most can be followed with MR imaging 
every 6–12 months under the so-called expectant manage-
ment [58].

For microsurgery, there are primarily three basic sur-
gical approaches, each with their unique advantages and 
risks. In 1960, Dr William House introduced the translaby-
rinthine approach (TLA) for patients with poor preopera-
tive hearing. It is not used in patients where the hearing 
needs to be preserved (30 dB and speech discrimination 
score [SDS] of 70%) or if it is the site of the only functional 
hearing as this procedure sacrifi ces whatever preoperative 
hearing function there was. In NF2 patients, this surgical 
approach is often used in conjunction with auditory brain-
stem implant (ABI) [58,59].

Another technique is the retrosigmoid/suboccipital 
approach (RSA) indicated for patients with reasonable 
hearing and greater than 0.5 cm extension of tumor into 
the cerebellopontine angle. It is limited for lesions that 
extend laterally into the internal auditory canal where 18% 
have residual tumor within the fundus after surgery. This 
approach also has a slightly higher risk of axonal and vas-
cular injury [58,59].

The third approach is via the middle cranial fossa 
(MCF) and is best for small intracanalicular (�0.5 cm) 
tumors with good preoperative hearing. The risks of this 
technique include manipulation of the facial nerve, higher 
incidence of seizure due to retraction of the temporal lobe 
and increased postoperative CSF leak due to thinner dura. 
In other words, the MCF approach tends to preserve hear-
ing but comes with higher risks [58,59].

In NF2 patients a multidisciplinary approach to diag-
nosis, evaluation and treatment at an experienced center 
is the key for the optimal management of their disease. 
Surgical resection remains the cornerstone for treatment 
of vestibular schwannomas with the best results for small 
(�1.5 cm), medially positioned intracanalicular tumors 
that preserve both hearing and facial nerve function [60]. 
Debulking or subtotal resection of larger tumor is reserved 
for patients with worsening symptoms or brainstem com-
pression [61]. For large bilateral tumors (�2 cm) and good 
hearing (SDS � 50%), patients may be observed. If SDS is 
less than 50%, surgery can be contemplated. For small 
bilateral tumors (�2 cm) and good preoperative hearing 
(SDS � 50%), the smaller one is removed while the larger 
lesion may be resected if there is brainstem compression. 
If the tumor size is equal bilaterally, the side with worse 
hearing will undergo resection. In the case of one side with 
small tumor and good hearing while the other with large 
tumor and bad hearing (SDS� 50%), the latter tumor will 
be removed with option of cochlear implant. When the 
converse is true, i.e. a small tumor with bad hearing on 
one side and large tumor with good hearing on the other, 

BA

FIG. 41.21. Bilateral vestibular schwannomas with a large 
cystic left-sided lesion in an NF2 patient on axial (A) and coro-
nal (B) post-gadolinium T1 images.
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then the smaller side will be removed. Then, fi nally, if both 
tumors are either large or small but both with poor hearing 
then the larger one is fi rst removed with consideration for 
auditory brainstem implant [36].

In deciding between the different surgical options, fac-
tors that need to be considered are long-term facial nerve 
function and postoperative rate of preserved hearing and 
balance. Postoperative complications are also important 
including CSF leak, infection and postoperative headache. 
Good hearing is defi ned as having four frequency pure 
tone with an average of better than 50 decibel (dB) and SDS 
greater or equal to 50%. The overall rate of hearing pres-
ervation is about 44% best in MCF (55%) and less in RSA 
(30%). Facial nerve function is graded from I to VI (good to 
poor) at 6–12 months after surgery. It may be splayed dur-
ing surgery, especially for �1.5 cm lesions that are cystic 
and thus more adherent. Overall rate is 82% with good fol-
low-up (grade I/II), breaking down as 92% in RSA, 89% in 
MCF and 73% for TLA [58,59].

CSF leak is often seen during the fi rst 2–3 or 10–14 days 
after surgery. It can occur at various locations including the 
incision site, tympanic membrane, Eustachian tube and 
nasopharynx. Overall rate is 8%, with a breakdown of 6% for 
MCF, 9% TLA and 11% RSA [62,63]. Postoperative infections 
(Figure 41.22) are often aseptic and thought to be due to 
irritation from bone dust or hemorrhage. It occurs in about 
2% MCF, and 3% in both RSA and TLA. Steroid treatment in 
this population has been helpful [62,64–66]. Finally, head-
ache may persist up to 3 months after surgery with overall 
rate of 10% seen most in RSA (21%) and less in MCF and 
TLA [66–69].

In general, tumors that measure greater than 1.5 cm 
in axial plane at the cerebellopontine angle have higher 

risk for facial nerve injury from surgery than radiation 
therapy. Solid tumors also fare better than cystic ones. 
Outpatient stereotactic radiation treatment (single dose or 
fractionated), primarily gamma knife, is also an alterna-
tive to surgery with better long-term control in non-NF2 
patients (95% versus 60%) [70]. In the late 1980s and early 
1990s, about 79% had normal facial nerve function after 
5 years from radiation with 51% without hearing loss. With 
lower doses of about 13 Gy in recent years there is further 
decrease in post-treatment dysfunction, approaching 1.1% 
in facial and 2.6% in trigeminal nerves; 71% hearing pres-
ervation and with overall 97% control rate. On imaging, 
tumors may initially enlarge during the fi rst 6 months to a 
year after radiation due to edema. Very infrequently a large 
tumor undergoes initial surgical debulking followed by 
radiation [59].

The risks and benefi ts of radiation therapy should 
also be carefully weighed to prevent untoward transfor-
mation of existing tumors, especially in individuals with 
a copy of inactive tumor suppression gene. There are spo-
radic reports of squamous cell carcinoma and malignant 
transformation secondary to radiation [71,72]. It should 
be noted that the experience with radiation is in the rela-
tively early stages, therefore, the surgical option is still 
the fi rst consideration. The upper limit for tumor size for 
radiation therapy is about 3 cm maximum in the axial 
plane.

Training with an audiologist is important to maintain 
functional hearing and speech production. Sudden hearing 
loss from vascular compromise may benefi t from cochlear 
implants where the nerves are relatively intact. Sometimes, 
hearing evaluation can detect subtle dysfunction of audi-
tory nerves before the visualization of any abnormality 
on MRI.

Imaging provides information on size, site, the pres-
ence or absence of and preoperative planning and post-
operative follow-up of tumors. In addition, they also serve 
as a non-invasive way to monitor tumor growth, as well as 
recurrent or residual lesions over time with or without prior 
treatment.

In summary, sporadic and NF2 vestibular schwanno-
mas are typically benign tumors with morbidity and mor-
tality mostly attributed to lesion size and location, and 
presenting age of the patient. Thin section MRI, especially 
with contrast, remains the imaging modality of choice for 
the diagnosis of these tumors. It is also a non-invasive tech-
nique for pre- and postoperative planning and follow-up 
before and after treatment. Microsurgery remains the cor-
ner stone for treatment with radiation gradually assuming a 
larger role as the technique continues to improve over time. 
TLA approach is best for large tumors and poor preopera-
tive hearing, RSA for small and medial lesions, and MCF 
for lateral tumors. For NF2 patients, a multidisciplinary 
involvement appears to be the optimal approach in the 
management of this population.

A B

FIG. 41.22. Postoperative complication with small abscess 
(arrows) at the surgical site after resection of left vestibular 
schwannoma with restricted diffusion (A) and ring enhancement 
(B) on axial DWI and post-gadolinium T1 images respectively.
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INTRODUCTION
The diencephalon, one of the most highly developed 

structures of the human central nervous system, consists 
of two major components: the thalamus, a key structure for 
transmitting information to the cerebral hemispheres; and 
the hypothalamus, which integrates the functions of the 
autonomic nervous system and endocrine hormone release 
from the pituitary gland [1].

Tumors that affect the thalamus and the basal ganglia can 
develop as primary tumors or secondarily from neighbouring 
tumors which invade the deep portions of the cerebrum [2].

Therefore, we will classify deep brain tumors either as 
primary neoplasms or as neighboring tumors that invade 
the diencephalic or the deep telecenphalic structures.

PRIMARY DIENCEPHALIC TUMORS

Basal Ganglia–Thalami
Thalamic tumors are generally considered together 

with basal ganglionic tumors, although the thalami are part 
of the diencephalon. Basal ganglia and thalamic tumors 
account for 10% of supratentorial tumors in children and 
nearly two-thirds of these neoplasms involve the thalami 
[3]. Thalamic tumors account for approximately 1–1.5% of 
all brain tumors [4–7]; they are slightly more common in 
children than in adults and involve signifi cant diagnostic, 
prognostic and therapeutic problems [5,8,9].

Their deep location makes them diffi cult to treat, 
mainly because surgery is rarely feasible [4,10–15]. Radiation 
therapy with or without adjuvant chemotherapy [8,16] is still 
considered to be the basic treatment.

They are predominantly low-grade astrocytomas [11]; 
but oligodendrogliomas, ganglion cell tumors, germinal 
neoplasms, primitive neuroectodermal tumors, lymphomas 
and metastases can also grow up from the basal ganglia and 
thalamic region [2].

Gliomas
Gliomas can be divided into two broad categories: 

well-circumscribed gliomas like pilocytic astrocytomas, 

and infi ltrating or diffuse gliomas, including fi brillary astro-
cytomas, oligodendrogliomas and gliomatosis cerebri. In the 
fi rst category, the extent of excision is a powerful prognostic 
factor, whereas the prognosis in the latter is related more 
closely to the histologic grade [17]. According to Wald, the 
number of astrocytic tumors was 147 (77%) among 191 cases 
of thalamic tumors assessed by histological examination [3].

Pilocytic Astrocytoma (PA)

PAs represent the prototype of benign circumscribed 
astrocytomas, usually without a tendency to infi ltrate and 
progress toward anaplasia [5]. Macroscopically, PAs can be 
seen as homogeneous solid, heterogeneous multicystic or 
predominantly cystic tumors, occasionally with calcifi ca-
tions developing in the solid portions. Hemorrhages are 
very unusual [18,19]. PAs are tumors with a characteristic, 
heterogeneous ‘biphasic’ histological appearance, consist-
ing of alternating spongy areas with other more cellular 
regions [18]. In the thalami, PAs are much less frequent 
than in the cerebellum, optic-chiasmatic region and cere-
bral hemispheres [5].

Computed tomography (CT)/magnetic resonance 
(MRI) features are characterized by the well-circumscribed 
appearance, with sharp margins and variable size, mass 
effect and degree of perilesional edema. The typical cer-
ebellar presentation of a cystic tumor with a mural nodule 
(Figure 42.1) or a thick solid rim is rarely encountered in the 
thalami, where solid tumors predominate, with or without 
small cystic areas [5].

CT may demonstrate a well-circumscribed mass that 
is homogeneous in cases of solid or predominantly solid 
tumors and heterogeneous in multicystic neoplasms. Cystic 
areas should be barely hypodense and similar to cerebro-
spinal fl uid. Solid portions may be iso- to hypodense to 
brain parenchyma [20]. Sometimes hyperdense foci of cal-
cifi cation can be detected [2].

On MRI, cysts may be iso- or hyperintense to CSF in all 
pulse sequences. Nevertheless, the degree of hyperintensity 
of the cysts depends on the biochemical characteristics of 
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the cystic fl uid. Solid areas are usually isointense or dis-
cretely hypointense relative to normal brain on T1-weighted 
images. On intermediate and T2-weighted images, solid 
areas are usually hyperintense [20–22]. Usually, the solid 
portion of the tumor enhances after contrast administra-
tion (Figure 42.2) [21,23,24]. If MRI depicts calcifi cations, 
they normally induce a decrease in signal in all sequences. 
Rarely, they are depicted as areas of hyperintensity on 
T1-weighted images. Surrounding edema should be mini-
mal or undetectable [25].

The inhomogeneity of PA may lead to the suspicion 
of malignant astrocytoma, but the well-defi ned margins, 
bright contrast enhancement and the lack of necrosis usu-
ally lead to a correct preoperative diagnosis [5].

Diffuse or Infi ltrating Astrocytoma

Diffuse astrocytomas are less common in children 
than in adults. They can be classifi ed as low-grade diffuse 

astrocytomas (LGDA), anaplastic astrocytomas (AA) and 
glioblastoma multiforme (GBM) [20,24].

LGDA usually enlarge but do not destroy brain struc-
tures [25]. Cyst and hemorrhage are uncommon and cal-
cifi cation may be seen in up to 20% of cases [24,26]. CT 
may demonstrate a homogeneous, poorly circumscribed 
hypodense lesion with occasional contrast enhancement 
[20,24]. Sometimes, the tumor is relatively isodense and 
mass effect may be the only detectable imaging sign.

LGDA are usually hypointense on T1-weighted images, 
hyperintense or intermediate on T2-weighted images 
and demonstrate no or variable enhancement [20,22,24]. 
Surrounding vasogenic edema is an uncommon radiological 
fi nding (Figure 42.3) [20,22,24]. On FLAIR (fl uid attenuated 
inversion-recovery) and IR images, ill-defi ned hyperintense 
regions are noted in the subthalamic areas, the cerebral 
peduncles or the internal capsule, revealing marginal infi l-
tration as perilesional edema is usually lacking or extremely 
limited [5]. AA are biologically more aggressive neoplasms 
with imaging fi ndings similar to those of LGDA, except for 
the more frequent contrast enhancement and vasogenic 
edema [24].

On the other hand, the typical features of AA are the 
inhomogeneity of MR signal on T1- and T2-weighted images, 
due to variable cellularity and vascularity, and the presence 
of heterogeneous contrast enhancement and extensive 
edema. Thus, inhomogeneity, irregular contrast enhance-
ment and extensive edema should be considered as charac-
teristic of anaplasia, but also the extensive infi ltrative growth 
is to be maintained as an indicator of malignancy and of 
dismal prognosis (Figure 42.4) [5]. GBM is far more com-
mon in adults than in children, as is progression from astro-
cytoma to GBM. Thalamic GBM appears as a fairly localized 
mass lesion with extensive vasogenic edema [5]. Necrosis 
and microvascular proliferation are histological character-
istics that induce typical imaging manifestations [24,26]. CT 
and MRI appearance of thalamic GBM is markedly inhomo-
geneous, usually with central necrosis, possible cavitation 
and fl uid/fl uid levels and frequent hemorrhage at all stages 
of evolution (Figure 42.5A,B). On T2-weighted images, the 

A B

FIG. 42.1. Pilocytic astrocytoma. (A) Axial non-contrast 
CT scan shows an isodense left thalamic mural nodule with a 
hypodense cyst extending to the adjacent structures. (B) On axial 
post-contrast CT scan the mural nodule shows intense and homo-
geneous enhancement. The wall of the cyst remains unenhanced.

FIG. 42.2. Right thalamic pilo-
cytic astrocytoma. The tumor 
appears hypointense on T1-weighted 
image (A), hyperintense on T2-
weighted image (B) and shows 
marked enhancement after contrast 
injection (C).
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recognition of central necrosis is more distinct, showing het-
erogeneous intensity and degraded blood products, while 
peripheral areas exhibit relatively low signal intensity (high 
cellularity) and strong enhancement after contrast medium 
administration (Figure 42.5C,D,E; also see Figure 35.12A–C) 
[5]. Flow voids related to vascular proliferation may also be 
observed [24]. Despite its circumscribed appearance, tha-
lamic GBM may have small fi nger-like marginal extensions 
that represent their tendency to infi ltrate adjacent tissues 
or spread more diffusely, producing intraventricular and 
craniospinal leptomeningeal CSF seeding [5,27]. Little or no 
vasogenic edema is typical with all grades of thalamic astro-
cytoma. This may be due to a paucity of white matter path-
ways in this area [28].

MR spectroscopy (MRS) is useful in distinguishing 
between low and high aggressive neoplasms. In general, 
brain tumors are characterized by a decrease in creatine 
(Cr) and in N-acetylaspartate (NAA), which refl ects loss or 
dysfunction of the neurons, with simultaneous increase 
in choline (Cho), which is related to the tumor malig-
nancy [25,29,30]. Necrotic tumors, such as GBM, may show 
low Cho levels, which paradoxically indicate lower grade 

neoplasm but, in such cases, the levels of lactic/lipids can 
increase, allowing the correct grading of these tumors [31].

Bilateral Thalamic Glioma

Among the primary thalamic gliomas, a type known 
as bilateral thalamic glioma (BTG) has been identifi ed, in 
which a large tumor appears symmetrically in both thalami 
and is accompanied by behavioral impairments varying 
from personality changes to dementia [6,32–34]. BTG is rare 
among the thalamic tumors and has a very poor prognosis 
despite therapy [33].

These tumors are generally low-grade at presenta-
tion and produce remarkably symmetric areas of radio-
graphic abnormality in some cases, with extension, which 
is equally symmetric, to the adjacent basal ganglia and 
midbrain [9,35,36]. They are usually undetectable on CT, 
whereas on FLAIR and T2-weighted images they appear as 
diffuse, homogeneous high-intensity areas (Figure 42.6A–C) 
[37–39]. The differential diagnosis of BTG includes brain-
stem encephalitis, acute necrotizing encephalopathy, mito-
chondrial encephalomyopathy and deep cerebral venous 
thrombosis [9]. The acute onset of signs and symptoms 
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FIG. 42.3. Right thalamic gli-
oma. The tumor appears hypoin-
tense on non-contrast T1-weighted 
image (A) and hyperintense on 
T2-weighted image (B) with infi l-
tration of the adjacent structures 
(internal capsule, parietal and 
frontal lobe). Post-gadolinium 
T1-weighted image (C) shows 
subtle contrast enhancement.

A B C

FIG. 42.4. Anaplastic astro-
cytoma. (A) Axial T1-weighted 
image shows a low signal mass 
in the left thalamus extending to 
adjacent structures and displac-
ing the midline structures. (B) 
On axial T2-weighted image the 
mass shows high signal inten-
sity extending to the ipsilateral 
parietal lobe. (C) After contrast 
administration the mass shows 
inhomogeneous enhancement.
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FIG. 42.5. Glioblastoma multi-
forme. (A) Non-contrast CT scan 
shows a hypodense left thalamic 
mass, which shows ring-like 
enhancement after the contrast 
medium administration (B). On 
non-contrast T1-weighted image 
(C) the mass appears inhomo-
geneously hypointense and on 
T2-weighted image (D) inho-
mogeneously hyperintense sur-
rounded by high signal intensity 
edema. (E) Axial post-contrast 
T1-weighted image shows a rim-
enhancing mass.

A

D
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FIG. 42.6. Bilateral thalamic gli-
oma. Axial T1- (A) and T2-weighted 
images (B) show enlargement of both 
thalami with low signal intensity on T1, 
high signal intensity on T2 and infi l-
tration of the right basal ganglia and 
adjacent parietal cortex. (C) On post-
contrast MR image the tumor remains 
unenhanced. (D) MR spectroscopy 
demonstrates higher peak of creatine 
than that of choline and reduced NAA. 
Biopsy proved a fi brillary astrocytoma.
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favors infarction or infl ammatory process over thalamic 
neoplasm [40].

BTG may originate in the subependymal glia, and 
hence have primary relation to the medial areas of the thal-
amus [41]. The tumor can spread across the midline via the 
interthalamic adhesion and the roof or fl oor of the third 
ventricle [6,41].

Metabolic analysis of BTGs by MR spectroscopy shows 
a higher peak of creatine than choline, in contrast to the 
increased peak of choline usually observed in low-grade 
gliomas. The MR NAA signal is decreased in the BTGs, 
as is usually observed in low-grade gliomas (see Figure 
42.6D) [35].

Oligodendrogliomas and Mixed Gliomas
The pathological features of oligodendrogliomas (ODG) 

and mixed gliomas (MG) provide the basis for imaging fi nd-
ings: they are circumscribed, heterogeneous lesions that 
frequently contain calcifi cation, cysts and hemorrhage or 
blood degradation products; calcifi cation is the most typi-
cal fi nding of ODG. Thus, a thalamic ODG or MG resembles 
a malignant astrocytoma, but appears more circumscribed 
and more frequently calcifi ed and without necrosis. The sig-
nal intensity is heterogeneous on both T1- and T2-weighted 
images, because calcifi cation and proteinaceous cystic 
content can also induce hyperintensity counterparts in 
T1-weighted images (Figure 42.7). The extent of edema and 
rapid increase in size support the hypothesis of the tumor 
being anaplastic [5].

Ganglion Cell Tumors
Gangliogliomas and gangliocytomas (GG-GC) are more 

common in children than in adults [42]. The thalamic loca-
tion is exceedingly rare and a defi nite preoperative neuro-
radiological diagnosis is virtually impossible because their 
imaging features are similar to their astrocytic counterparts 
(pilocytic, fi brillary, anaplastic) and because in the deep loca-
tion they lack the calvarial scalloping that supports correct 
recognition in the typically superfi cial temporal location [5]. 
They are usually well-circumscribed, benign and non-pro-
gressive tumors that are frequently cystic and calcify [5,19]. 
In the rarely encountered thalamic GG-GC, the cystic appear-
ance predominates, with sharp margins and focal areas of 
contrast enhancement (Figure 42.8B) [5,43]. Calcifi cation 
results in areas of T1-hyperintensity, and signal intensity is 
highly variable on T2-weighted images (Figure 42.8A) [5].

MRS analysis indicates that GG-GC has higher NAA/
Cho and Cr/Cho ratios relative to other tumors [44]. These 
ratios can be related to both higher levels of NAA and a dis-
crete drop in Cho refl ecting the low aggressiveness of these 
tumors. As ganglion cell tumors are frequently cystic, they 
may show a peak of lactic acid, like many other cystic proc-
esses [44,45]. Because of their deep location and benign 
clinical behavior, long-term imaging follow-up is often car-
ried out and no progression confi rmed [5].

A B
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FIG. 42.7. Oligodendroglioma of the left thalamus in a 
7-year-old female. (A) Axial CT scan demonstrates a rounded, 
well-circumscribed and slightly isodense mass with peripheral cal-
cifi cation (arrow) located in the left thalamus. The lesion appears 
inhomogeneously hypointense on T2-weighted image (B), with 
little central hyperintense hemorrhagic foci on T1-weighted 
image (C), and mild enhancement after contrast injection (D). 
(Reprinted from the article Neuroimaging of thalamic tumors in 
children, Colosimo C et al Childs Nerv Syst 2002;18:426–439, 
with kind permission of Springer Science and Business Media.)

A B

FIG. 42.8. Gangliocytoma in the left basal ganglia. (A) Axial 
proton density image shows a mass with high signal intensity and 
central calcifi cations (arrow). (B) Post-gadolinium T1-weighted 
image shows internal focal and linear enhancement.
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Germ Cell Tumors
Germ cell tumors (GCT) usually grow up from the pineal 

gland or in the suprasellar area, but up to 15% occur in the 
thalamus and the basal ganglia, and are usually unilateral 
[42,46]. Most thalamic GCTs actually originate outside the 
thalami and infi ltrate the thalami from the posterior or ante-
rior walls of the third ventricle [5]. The most common pre-
senting symptom is hemiparesis, caused by tumor invasion 
of the internal capsule, followed by mental retardation [47].

Germinoma is the most common germ cell tumor, 
usually appears in the second or early third decade of life 
and shows a striking male predominance [21,42,46,48,49]. 
A high prevalence of intracranial germinoma in the Far East 
is well documented, but the reason is unknown [49,50]. 
Histologically, germinomas range from benign processes to 
highly malignant neoplasms with a tendency to metastasize 
throughout the CSF spaces [51].

The prognosis of germinoma is signifi cantly better than 
with the other GCTs, with the 5-year survival rate approach-
ing 80% [51–53]. Because of the good response to chemo-
therapy and radiotherapy, early detection and treatment is 
very important [54]. However, diagnosis of germinoma in 
the basal ganglia and thalamus is usually delayed because 
of minimal or non-specifi c clinical fi ndings in the relatively 
early stage [55].

In the early stage of basal ganglionic germinomas, CT 
may not show any abnormality, despite neurological symp-
toms [55,56]. An irregularly defi ned, slightly hyperdense area 
without mass effect is the early CT sign of germinoma in the 
basal ganglia (Figure 42.9) [56–59]. After the administration 
of the contrast medium, they show intense enhancement. On 
the other hand, demonstration of an ill-defi ned hyperintense 
area on both T2- and T1-weighted images without contrast 
enhancement and, especially, atrophy of the ipsilateral basal 
ganglia, are early diagnostic MR imaging features [60–62].

In advanced stages, germinomas show a typical infi l-
trative pattern and CT density/MR signal intensity that 
make them diffi cult to differentiate from neuroepithelial 
tumors [5]. In fact, the rich cellularity of germinomas is rep-
resented by moderate hyperintensity on unenhanced CT 
and quite intense contrast enhancement (Figure 42.10A) 
[5,63]. The infi ltrating tumor appears heterogeneous on 
T1- and T2-weighted images, with cystic areas and hemor-
rhage, especially in large lesions, and shows heterogeneous 
intense enhancement and moderate perilesional edema 
(Figure 42.10B–D) [5,55]. Intratumoral calcifi cation is fre-
quent and presents as nodular or spotty hyperdensity on 
CT and on T1-weighted images. Unlike typical germinomas 
in pineal or suprasellar regions, thalamic and basal gangli-
onic germinomas show a higher tendency to cystic forma-
tion, hemorrhage, calcifi cation and progressive infi ltration 
into the internal capsule, which may in turn cause cerebral 
hemiatrophy [57]. Cystic changes and hemorrhage seem to 

A B

FIG. 42.9. Basal ganglia germinoma. Post-contrast CT scan 
(A) shows a small strongly enhanced lesion. On post-contrast CT 
scan (B) one year later, the lesion shows increase in size and 
cystic degeneration. Histologic examination after stereotactic 
biopsy revealed a germinoma.

A B

C D

FIG. 42.10. Basal ganglia germinoma in a 17-year-old 
male with two months history of vomiting and seizures. (A) Non-
contrast CT scan shows a multicystic mass with hyperdense solid 
areas located in the left basal ganglia. (B) Left parasagittal T1-
weighted image shows a slightly hypointense mass with central focal 
hemorrhage (arrow). (C) Axial T2-weighted image shows a hyperin-
tense multiseptated mass with moderate peritumoral edema (arrows). 
(D) Post-contrast T1-weighted image shows intense enhancement of 
the solid portion of the mass (arrows). (Reprinted from the article 
Germinomas of the basal ganglia and thalamus: MR fi ndings and a 
comparison between MR and CT, Moon WK et al Am J Roentgenol 
1994;162:1413-1417, with permission from the American Journal 
of Roentgenology.)
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be attributed to the more rapid enlargement of the germi-
nomas in the basal ganglia and thalamus compared to those 
in the pineal body and suprasellar region [54,55].

Choriocarcinoma, yolk-sac tumor, embryonic cell car-
cinoma and endodermal sinus tumors are highly malig-
nant subtypes of GCT [42]. These high-grade tumors are 
heterogeneous on CT and MRI and, except for the occur-
rence of hemorrhage in choriocarcinoma, there is no imag-
ing peculiarity that could help in distinguishing them from 
other tumors [21,42,46]. For this purpose, laboratory exam-
inations of tumor markers are useful: choriocarcinoma 
releases human chorionic gonadotropin, yolk sac tumor 
α-fetoprotein and embryonic cell carcinoma releases both 
human chorionic gonadotropin and α-fetoprotein [57].

When GCT is suspected, contrast material is very useful 
in detecting CSF spread in the brain and spine, a relatively 
common and early fi nding [20–42]. The differential diag-
nosis should include glioma, primary CNS lymphoma and 
primitive neuroectodermal tumors [5].

Primitive Neuroectodermal Tumors
Primitive neuroectodermal tumors (PNET) account for 

15–25% of pediatric brain tumors, typically appear during 
the fi rst 10 years of life, but only rarely arise in the thala-
mus [20,26,42,64]. The vast majority are medulloblastomas, 
developing characteristically in the posterior fossa. Those 
PNET arising inside the supratentorial compartment are 
rare neoplasms, comprising 15% of all central nervous sys-
tem PNET [42,65]. Pineoblastoma, which is the most fre-
quent neoplasm of this group of supratentorial PNET, grows 
up from the pineal gland, and we will not consider it as a 
primary basal ganglia–thalamic tumor [2,65]. Generally, 
PNET growing up from the supratentorial brain usually arise 
from the deep cerebral white matter [19,42].

While PNET are dense cellular well-circumscribed neo-
plasms, they are microscopically invasive, with extension 
of tumor cells beyond a reactive desmoplastic glial pseu-
docapsule [2,51]. Supratentorial PNET are remarkable for 
their inhomogeneity [2]. CT and MRI show a well-defi ned 
heterogeneous expansive lesion, with cystic and necrotic 
areas, and calcifi cations in most of the cases [20–22,24,42]. 
The solid portions of the tumor are often hyperdense on CT 
and relatively hypointense on T2-weighted images, due to 
their high cellularity and nuclear-to-cytoplasmic ratio [21]. 
Despite their large size, PNET typically induce only minimal 
surrounding edema, which may be the best clue to correct 
preoperative diagnosis [19,20,66]. Enhancement is usu-
ally diffuse and heterogeneous (Figure 42.11) [28]. Contrast 
material administration is also useful in demonstrating 
the presence of leptomeningeal tumor implants, which are 
common in PNET [20,21,23,42].

MRS may be used to defi ne the malignant behavior of 
PNET. As in astrocytomas, the rise of the choline peak is an 
indicator of their aggressiveness [45]. The NAA/Cho and 
Cr/Cho ratios are lower in PNET than in astrocytomas and 

ependymomas, which is related to the more signifi cant drop 
of choline levels in PNET [2,31]. 

Atypical Rhabdoid-teratoid Tumors
Atypical rhabdoid-teratoid tumors (ARTT) are very rare 

neoplasms, which are included within the group of embry-
onal tumors, together with the PNET. The microscopic dis-
tinctive feature of ARTT is the presence of rhabdoid cells 
[2,5]. These highly malignant tumors affect almost exclu-
sively infants and children younger than 3 years and, in this 
age group, they develop characteristically in the posterior 
fossa [2,5]. In older patients, the incidence of supratentorial 
ARTT is strikingly higher [67]. They can rarely arise from the 
basal ganglia and thalamus, but those that appear in the 
cerebral hemispheres or the pineal gland can also invade 
through to the deep brain [68]. Imaging cannot distinguish 
ARTT from classic PNET [2]. Consequently, these malignant 
tumors appear at diagnosis as a large heterogeneous mass 
that contains necrosis, areas of high cellularity (hypoin-
tense on T2-weighted images) and hemorrhage. They also 
demonstrate extensive surrounding edema and mass effect 
and intense heterogeneous enhancement (Figure 42.12). 
The prognosis is poor and CSF seeding is common [5].

Lymphomas
Primary cerebral lymphomas (PCL) are infrequent 

non-glial intracranial neoplasms that constitute 1–6% of 
malignant CNS tumors and are predominantly of B-cell ori-
gin [2,69,70]. During the last two decades, their incidence 
has increased, since acquired immunodefi ciency syndrome 
(AIDS) was fi rst recognized [71,72]. PCL can occur any-
where in the brain, but the most common locations are 
the periventricular white matter and the corpus callosum 

A B

FIG. 42.11. PNET in a one-year-old male. (A) Axial 
T2-weighted image demonstrates a slightly hypointense lesion 
with focal hyperintensities located in the left basal ganglia. (B) 
Post-gadolinium T1-weighted image shows diffuse intense inho-
mogeneous enhancement of the mass extending to the adjacent 
frontal lobe.
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[73,74]. Up to 17% of PCL arise in the basal ganglia, thala-
mus and hypothalamus [75,76]. It has also been reported 
that up to 75% of lymphomatous masses are seen to be in 
contact with ependyma, meninges, or both [21]. PCL has a 
distinct tendency for perivascular extension, whereas lep-
tomeningeal or ependymal involvement occurs in about 
12% of the cases [77].

A 5-year survival rate of more than 30% can be achieved 
when combining chemotherapy and radiotherapy treatment 
[78]. Nevertheless, because of the rapid course of PCL, a 
delay in whole brain irradiation and chemotherapy mark-
edly decreases the effectiveness of the treatment and sur-
vival. Therefore, early diagnosis is critical [79].

In most cases, PCL in the basal ganglia and thalamus 
show distinctive neuroimaging features that allow differen-
tiation from the more common glial tumors [5]. PCL classi-
cally appears as a predominantly hyperdense mass on CT 
and relatively hypointense on T2-weighted images, features 
that are attributed to dense cellularity and high nuclear-to-
cytoplasmic ratio of neoplastic cells [24,76,80]. Surrounding 
edema is mild and much less extensive than is seen with 
primary glial tumors or metastases [81]. Calcifi cations 
and hemorrhage are uncommon before treatment [24,82]. 
Both in post-contrast CT and MRI, PCL usually shows 
strong homogeneous enhancement in immunocompetent 
patients and ring enhancement in AIDS-patients, due to 
central necrosis (Figures 42.13 and 42.14) [21,25,72,76]. The 
detection of enhancement along perivascular spaces on 
MRI is also characteristic of PCL, allowing differential diag-
nosis from other malignant processes [21].

MR spectroscopy of PCL shows almost complete loss 
of NAA, decrease of creatine, massive increase of choline, 
lactate and lipids, whereas the myo-inositol peak appears 
normal or slightly decreased [31,75].

The differential diagnosis of PCL in immunocompe-
tent patients includes glioma, metastasis, PNET, multiple 
sclerosis and meningioma [83,84]. A hyperdense lesion 
on CT and a periventricular T2 hypointense mass with 
mild surrounding edema and ependymal seeding on MRI, 
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FIG. 42.12. Atypical teratoid-rhabdoid tumor in a 2-year-old 
female. (A) Sagittal T1-weighted image, (B) axial T2-weighted 
image and (C) axial T1-weighted image after contrast injection 
demonstrate a huge inhomogeneous deep located mass which 
has its epicenter in the right thalamus. The lesion shows multiple 
macro- and micro-cystic components, as well as necrosis. The 
signal of the solid component appears mildly hypointense on 
T1-weighted, and mildly hyperintense on T2-weighted images 
(suggesting high cellularity), with intense contrast enhancement. 
(Reprinted from the article Neuroimaging of thalamic tumors in 
children, Colosimo C et al Childs Nerv Syst 2002;18:426–439, 
with kind permission of Springer Science and Business Media.)
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FIG. 42.13. Lymphoma of 
the right thalamus. (A) Axial 
T1-weighted image shows a low 
signal lesion, which shows high sig-
nal intensity on T2-weighted image 
(B). Axial post-contrast T1-weighted 
image (C) demonstrates intense and 
homogeneous enhancement.
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favors the diagnosis of PCL [72]. In immunocompromised 
patients, PCL should be differentiated from toxoplasmosis 
abscesses [73,85].

Metastases
Metastatic CNS tumors now account for up to 50% of 

all brain tumors and affect primarily the brain parenchyma 
[86]. It has been estimated that 80–85% of brain metastases 
are located supratentorialy. The frontal and parietal lobes 
of the cerebral hemispheres are most commonly affected, 
with the corticomedullary junction being the earliest site of 
involvement [87]. Basal ganglia and thalamus are rare loca-
tions and are involved only in 3% of the cases [86].

Metastases may result from hematogenous spread of 
distant tumors or from CSF seeding of CNS tumors [2]. In 
adults, hematogenous metastases mostly come from tumors 
of lung, breast, gastrointestinal tract, genitourinary tract and 
skin (melanoma), whereas in children, they mostly come 

from sarcomas, Wilms tumor and hepatoblastoma [2,21]. 
PNET, astrocytomas, ependymomas, germinomas, pineo-
blastomas and choroids plexus carcinomas in children and 
glioblastomas, lymphomas in adults often show CSF spread 
when the diagnosis is made.

Most intracerebral metastases are multiple, regard-
less of the site of origin. However, there is a high incidence 
of solitary metastasis, estimated to range from 30% to 
50%, which is especially common in melanoma, lung and 
breast carcinoma [21]. The imaging fi ndings of hemato-
genous metastases are non-specifi c. They are usually sur-
rounded by prominent edema which follows white matter 
boundaries and does not usually cross the corpus callosum. 
Contrast enhancement can be solid and nodular, as well as 
ring-like (Figure 42.15).

The differential diagnosis includes abscess, demy-
elinating disease, thromboembolic stroke and multifocal 
malignant glioma [86].

Hypothalamus–Optic Chiasm
In midsagittal sections, the human hypothalamus is 

bound anteriorly by the lamina terminalis, posteriorly by 
a plane drawn between the posterior commissure and the 
caudal limit of the mammillary body and superiorly by the 
hypothalamic sulcus. Ventrally, the hypothalamus encom-
passes the fl oor of the third ventricle, the inferior surface 
of which presents to the subarachnoid space below and 
is termed the tuber cinereum (grey swelling). The lateral 
boundaries include the internal capsule, cerebral peduncle 
and subthalamus on each side [88].

Hypothalamic and Chiasmatic Gliomas
Gliomas of the hypothalamus and optic pathways rep-

resent 5% of pediatric intracranial tumors and 25–30% of 

A B
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FIG. 42.14. Thalamic lymphoma in a patient with AIDS. (A) 
Axial T1-weighted image shows an extensive low signal area 
located in the right parietal and thalamic region. (B) On axial 
T2-weighted image a low signal right thalamic lesion with high sig-
nal central foci is seen surrounded by high signal intensity peritu-
moral edema. (C) Post-gadolinium axial T1-weighted image shows 
intense and inhomogeneous enhancement with central necrosis. 
(D) A few months after therapy the tumor is almost completely 
resolved, but simultaneous meningeal enhancement is seen.

A B

FIG. 42.15. Basal ganglia metastasis. Pre- (A) and post-
contrast (B) axial T1-weighted images show an isointense lesion 
involving the right caudate nucleus, which enhances markedly 
and heterogeneously.
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pediatric suprasellar tumors with 60% involving the optic 
chiasm and hypothalamus [89–91]. These tumors occur 
mostly in children, especially in those under 10 years of age. 
There is an equal male to female distribution [92]. A defi -
nite association of hypothalamic/chiasmatic gliomas with 
neurofi bromatosis type I (NF1) is noted in 33% of patients 
[89,90]. The vast majority are slow-growing pilocytic astro-
cytomas, although malignant histology and, in particular, 
glioblastoma multiforme may occur, especially in adults 
over 50 years of age [93,94].

The distinction between hypothalamic and chiasmatic 
gliomas often depends on the predominant position of the 
tumor. Chiasmatic gliomas may occasionally demonstrate 
extension along the optic tracts or optic nerves, whereas 
hypothalamic tumors grow into the third ventricle, often 
leading to hydrocephalus [51,95]. In many cases, especially 
in larger gliomas, it is diffi cult to determine the exact site 
of origin, as the hypothalamus and chiasm are inseparable. 
For this reason, they are discussed as a single entity based 
on their similar histology, clinical presentation and man-
agement [92].

Patients with hypothalamic/chiasmatic gliomas usually 
present with visual symptoms, headaches and endocrine 
abnormalities, due to hypothalamic dysfunction [90,95]. 
A rare but characteristic presentation of these tumors is the 
diencephalic syndrome, which is characterized by profound 
emaciation with normal caloric intake, absence of cutaneous 
adipose tissue, locomotor hypereactivity, euphoria and alert-
ness [96]. Typically, gliomas associated with this syndrome 
are larger, occur at a younger age and are often more aggres-
sive than other gliomas arising in this region [97].

Hypothalamic and chiasmatic gliomas are predomi-
nantly solid tumors, with cystic changes occurring in larger 
hypothalamic tumors [90]. They are usually isointense or 
hypointense relative to gray matter on T1-weighted images 
and moderately to markedly hyperintense on T2-weighted 
images. After contrast administration, chiasmatic tumors 
usually show intense, heterogeneous enhancement, whereas 
pre- and post-chiasmatic tumors show lesser degrees of 
enhancement (Figure 42.16) [51,90,97,98]. Hyperintense 
signal may be seen extending into the optic radiations 
and lateral geniculate bodies on T2-weighted images, due 
either to tumor infi ltration or to tumor-related edema 
(Figure 42.17) [51].

Only subtotal tumor resection is possible because of 
the involvement of visual pathways and the pituitary-
hypothalamic axis [99]. While the rate of recurrence or 
progression of untreated lesions is similar regardless of 
location, mortality from those involving both the chiasm 
and hypothalamus is much higher. However, 20–50% of 
untreated lesions will not progress [94].

Hamartoma
Hypothalamic hamartomas are rare congenital non-

neoplastic heterotopias with prevalence estimated as high as 
1 in 50 000 to 100 000 [100]. They typically present in young 
males but are not uncommon in females [51]. Although they 
do not invade surrounding tissues, they do have the poten-
tial for slow growth and may be quite large [92]. The hypoth-
alamic hamartoma syndrome traditionally comprises the 
clinical triad of central precocious puberty, epilepsy (gelas-
tic seizures) and developmental retardation [101].
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A B

C D FIG. 42.16. Chiasmatic/hypothalamic 
pilocytic astrocytoma. (A) Sagittal T1-
weighted image shows a cystic tumor 
involving the hypothalamus and optic 
chiasm. (B) On T2-weighted image the 
tumor appears heterogeneously hyper-
intense. Post-contrast sagittal (C) and 
coronal (D) images show intense hetero-
geneous enhancement. Note the enlarge-
ment of the lateral ventricles due to the 
invagination of the tumor within the third 
ventricle.



Hypothalamic hamartomas have been classifi ed radio-
logically on the basis of the breadth of attachment to the 
tuber cinereum (sessile versus pedunculated), the presence of 
more than minimal distortion of the outline of the third ven-
tricle (intrahypothalamic versus parahypothalamic), or using 
a combination of size, breadth of attachment, distortion of 
the hypothalamus and location of attachment (types Ia, Ib, 
IIa and IIb) [102–104]. These classifi cations have attempted 
to correlate the clinical features observed with the physi-
cal properties of the hamartomas [103,105]. Hypothalamic 
hamartomas associated with epilepsy usually have ses-
sile attachment to the hypothalamus and displace normal 
hypothalamic structures, whereas those associated with pre-
cocious puberty are usually pedunculated [101–104,106–108].

Most patients with hypothalamic hamartoma have 
a sporadic form of the disease, without family history or 
risk of recurrence and without associated congenital 
anomalies. However, roughly 5% of the population with the 
intrahypothalamic subtype of hypothalamic hamartoma 
have Pallister-Hall syndrome, which can include anomalies 
such as postradial polydactyly, bifi d epiglottis and imperfo-
rate anus [101,109].

On MRI, hypothalamic hamartomas are uniformly iso-
intense to gray matter on T1-weighted images and slightly 
hyperintense or isointense on T2-weighted images with no 
enhancement after gadolinium administration, thereby 
demonstrating the integrity of the blood–brain barrier 
(Figure 42.18) [102,108,110–117]. Cyst formation and calci-
fi cations have been rarely reported [93,108,118]. Arachnoid 
cysts occurring in association with hypothalamic hamar-
tomas have been also rarely reported, suggesting either a 
common antecedent or causal relationship [108,119–121].

MR spectroscopy has shown lower NAA and higher 
myo-inositol concentration than normal thalamic gray 
matter or frontal lobe white and gray matter [108,122]. 
These fi ndings suggest reduced neuronal density and rela-
tive gliosis compared with normal gray matter [108].

Differential diagnosis includes craniopharyngioma, 
hypothalamic and chiasmatic glioma, germ cell tumor and 
metastasis.

A B C

FIG. 42.17. Chiasmatic/hypotha-
lamic pilocytic astrocytoma. (A) 
T1-weighted image shows an isoin-
tense suprasellar mass. (B) On proton-
density image the mass is hyperintense 
and the optic radiations and the lat-
eral geniculate bodies also show high 
signal intensity. (C) Coronal post-con-
trast T1-weighted image shows intense 
and homogeneous enhancement of 
the mass.

A B

C D

FIG. 42.18. Tuber cinereum hamartoma. Coronal (A) and 
sagittal (B) T1-weighted images show an isointense mass located 
between the infundibulum and the mammillary bodies. On axial 
T2-weighted image (C) the mass remains isointense and does not 
enhance after contrast injection on T1-weighted image (D).

Chordoid Glioma
Chordoid glioma is a new clinicopathological entity 

that occurs in the region of the hypothalamus–anterior third 
ventricle [123]. This tumor was named chordoid glioma 
because of its distinctive histologic appearance, reminiscent 
of chordoma, and its avid staining with glial fi brillary acidic 
protein [124]. Although the incidence of chordoid glioma 
cannot yet be evaluated because of its recent description, it 
seems to be an uncommon tumor. The clinical presentation 
is related to the local mass effect of the tumor, and inclu-
des headaches, obstructive hydrocephalus, homonymous 
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hemianopsia and hypothalamic dysfunction [123]. Distinctive 
imaging characteristics are its consistent location, ovoid 
shape with the greater dimension in the superoinferior ori-
entation, hyperdensity on CT scans, relative isointensity on 
T2-weighted images and uniform intense contrast enhance-
ment. Sagittal MR images clearly depict the infundibulum 
to be displaced posteriorly, whereas Rathke cleft cysts 
and tuber cinereum hamartomas generally displace the 
infundibulum anteriorly (Figure 42.19) [123,125]. The differ-
ential diagnosis also includes lymphomas, meningiomas and 
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FIG. 42.19. Chordoid glioma in the hypothalamic-third ven-
tricle region in a 59-year-old male. Non-contrast CT scan (A) 
demonstrates a hyperdense suprasellar lesion, which on post-
contrast CT scan (B) shows intense and homogeneous enhance-
ment. On axial T1- (C) and T2- (D) weighted images the lesion in 
the hypothalamic area is relatively isointense. Contrast-enhanced 
coronal (E) and sagittal (F) T1-weighted images show dense and 
homogeneous enhancement. Note the ovoid shape of the lesion 
with the greater dimension in the superoinferior orientation and 
the posterior displacement of the infundibulum.

hypothalamic/chiasmatic gliomas. The current treatment of 
choice for chordoid glioma is surgical resection [123].

Lymphoma
Primary CNS lymphomas are infrequent tumors that 

may arise from different parts of the brain, with deep 
hemispheric periventricular white matter being the most 
common. Lymphomatous involvement of the hypothalamic–
third ventricular area is extremely rare and appears usually 
in patients with AIDS [79,126,127]. The usual clinical mani-
festations are hypopituitarism, psychiatric and memory dis-
turbances [126,127]. As a diffuse, intrinsic tumor that tends 
to infi ltrate or replace the brain tissue rather than displace 
or compress it, a hypothalamic–third ventricular lymphoma 
should more accurately be considered a hypothalamic lym-
phoma that has secondarily invaded the third ventricle cav-
ity [128,129]. Unfortunately, in many cases, neither CT nor 
MRI images can provide an exact delimitation between the 
tumor and the third ventricle margins and this may lead to 
topographical misdiagnosis [130]. On CT and MRI, hypotha-
lamic lymphomas appear as homogeneous isointense 
masses, which show marked homogeneous enhancement 
after contrast administration (Figure 42.20) [127].
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FIG. 42.20. Hypothalamic non-Hodgkin’s lymphoma. (A) 
Axial T1-weighted image shows a hypointense lesion in the 
suprasellar region. (B) On axial T2-weighted image the lesion 
appears slightly hyperintense. Axial (C) and coronal (D) T1-
weighted images after contrast injection show intense and 
homogenous enhancement of the lesion. Biopsy proved a hypoth-
alamic non-Hodgkin’s B-cell lymphoma.

A B

C D



Miscellaneous Masses
Other entities that should be considered in the dif-

ferential diagnosis of a hypothalamic lesion are neurosar-
coidosis, lipoma [131]and osteolipoma [132–134].

TUMORS THAT SECONDARILY INVADE 
THE DEEP BRAIN

Tumors that arise from the cerebral hemispheres, the 
cerebral ventricles and the pineal gland can invade the dien-
cephalon, but they are not actually deep brain tumors.

Peripheral Brain Tumors
The same tumors that arise from the deep brain can 

be diagnosed peripherally in the cerebral hemispheres. 

Low- and high-grade astrocytomas, PNET and supratentorial 
ependymomas can invade the deep brain after developing 
from the white matter of the cerebral hemispheres.

Ventricular Tumors
Choroid plexus tumors, subependymal giant cell tumors, 

ependymomas, subependymomas and central neurocyto-
mas are ventricular tumours that can occasionally spread to 
the deep brain.

Pineal Gland Tumors
Pineal gland tumors include germ cell tumors, pineo-

cytomas and pineoblastomas, which are discussed in detail 
in Chapter 44.
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INTRODUCTION
Neuronal and mixed neuronal-glial tumors are a rare but 

important group of primary brain tumors. With the excep-
tion of gangliogliomas and dysplastic  gangliocytomas of 
the cerebellum, the remaining tumors have been described
in the past three decades [1–7]. The benign nature of these 
tumors makes histologic diagnosis important as most of 
these neoplasms can be cured surgically, thereby avoiding 
radiation therapy (RT) or chemotherapy (CTX), which may 
have long-term consequences. The imaging characteristics 
of each of these tumors will be reviewed including modern 
techniques; these fi ndings in conjunction with the clinical 
history may suggest the diagnoses.

CENTRAL NEUROCYTOMA

Clinical
Central neurocytoma was fi rst described in 1982 and fur-

ther characterized in 1993 [3,8]. They make up 0.25–0.5% of 
intracranial tumors [8]. The majority of these tumors (75%) 
present in patients between 20 and 40 years of age, without 
a gender predilection [9,10]. The intraventricular location 
of the central neurocytoma makes them unique among glio-
neuronal tumors, as the rest are primarily confi ned to the 
brain parenchyma. They usually present with symptoms of 
increased intracranial pressure, due to their intraventricular 
location within the lateral and third ventricles [8,10].

Patients complain of headache and visual changes and 
on exam may demonstrate papilledema and ataxia [10,11]. 
The clinical course is typically less than 6 months. Rare 
cases of sudden death due to acute ventricular  obstruction 
have been reported [9]. Their intraventricular location lends
neurocytomas to disseminate within the neuroaxis and 
even intraperitoneally, via ventriculoperitoneal (VP) shunt 
[12–16]. Extraventricular neurocytomas have been 
described less commonly, with symptoms consistent with 
the location of the tumor [17,18].

Pathology
Central neurocytomas are thought to arise from 

germinal matrix cells in the septum pellucidum or the 

periventricular region. Germinal matrix cells are progenitor 
cells which can differentiate into both neuronal and glial 
elements. Consequently, central neurocytomas may have 
both cell types present, although extraventricular tumors 
are predominantly glial [9,12,19].

Central neurocytomas consist of small uniform cells
with round or oval nuclei. There is scant surrounding
cytoplasm creating a perinuclear halo or ‘fried egg’ appear-
ance, which can superfi cially resemble an oligodendro-
glioma [9,10,20–22]. Focal calcifi cations may be present 
but mitoses, vascular proliferation and necrosis are infre-
quent. Central neurocytomas stain positive for markers of 
neuronal differentiation, thereby differentiating them from 
oligodendrogliomas. Neuronal characteristics seen on elec-
tron microscopy defi ne central neurocytomas [9,10,20–22].

Central neurocytoma is a relatively benign tumor; how-
ever, several cases of poor outcome secondary to aggres-
sive behavior, recurrence and CSF dissemination led to 
the reclassifi cation of this tumor in 1999 to a WHO grade 
II [12]. The best indicator of the behavior of this tumor is 
the labeling index (LI), which is usually low in most cases. 
In one study, if the LI was �2% there was a relapse rate of 
22%, while an LI � 2% was associated with a relapse rate 
of 63% [16]. Atypical neurocytomas have an LI � 5%, focal 
necrosis, vascular proliferation and increased mitotic 
activity [17].

Imaging (Figures 43.1 and 43.2)
A central neurocytoma is typically a supratentorial 

tumor arising from the septum pellucidum or ventricu-
lar wall. Koeller et al report that 50% are located in the lat-
eral ventricle near the foramen of Monro, 15% are both in 
the lateral and third ventricle and 3% are isolated to the 
third ventricle [9]. Bilateral involvement of the ventricles 
is present in 13% of cases. There is also a single report of 
a central neurocytoma in the fourth ventricle [19]. These 
tumors are occasionally reported in extraventricular loca-
tions such as the cerebrum, cerebellum and spinal cord; 
CSF dissemination may be noted in some cases [9,19,23].

Computerized tomography shows a well-circumscribed 
intraventricular mass. The tumor abuts and may bow the 
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septum pellucidum. The tumor is of equal or higher attenu-
ation relative to normal brain parenchyma. Low attenua-
tion cystic areas are often present. Clumped, amorphous, 

globular calcifi cations are seen in 50% of tumors. Following 
administration of contrast there is mild to moderate enhance-
ment. Associated fi ndings of hydrocephalus and monoven-
tricular dilatation may be present [3,8,9,11,21].

On MRI, the solid portions of the tumor are isointense 
to gray matter on T1-weighted images. The T2 character-
istics are variable with areas that are isointense to mildly 
hyperintense. Areas of high T2 signal with corresponding 
low T1 signal correlate to cystic regions. Areas of very low 
T1 and T2 signal or fl ow voids may represent calcifi cations, 
hemorrhagic regions or vessels. There is variable enhance-
ment [3,8,9,11,21]. Peritumoral edema is infrequent and, 
if present, may be an indicator of invasion through the 
ventricular wall into the brain parenchyma or of a highly 
aggressive tumor [24,25].

Angiographically, some central neurocytomas show mod-
erate vascularity, but most are relatively non-vascular demon-
strating displacement of the normal vascular structures.

The list of intraventricular tumors for differential con-
sideration based on the classic imaging modalities includes 
intraventricular oligodendrogliomas, astrocytomas, or 
meningiomas, subependymomas, ependymomas, choroids 
plexus papillomas, colloid cysts, intraventricular teratomas 
and dermoids. However, these tumors have some variable 
clinical or imaging characteristics that may differentiate 
them from a central neurocytoma. In the absence of such 
distinguishing features, advanced imaging techniques may 
help make the diagnosis.

Magnetic resonance spectroscopy (MRS) is a method 
whereby metabolites of a sampled tissue are measured (see 
Chapter 28). Based on the various ratios of the metabolites 
detected, conclusions can be made regarding the nature 
of the tissue present. N-acetylaspartate (NAA), a neuronal 
marker, is produced by normally functioning mature neu-
rons. In conditions of neuronal cell loss or dysfunction, 
the amount of NAA decreases. Choline and its derivatives 
(phosphocholine, phosphatidylcholine and glycerophos-
phocholine) participate in cell membrane synthesis and 
breakdown. Elevation of choline corresponds to increased 
cell proliferation. Higher choline levels suggest a more 

A B C

FIG. 43.1. Central neurocytoma. 
Axial (A), coronal (B) and sagittal 
(C) post-contrast T1 images show the 
tumor (arrows) fi lling and expanding 
the left lateral ventricle. Note the close 
association with the septum pellucidum 
(arrowheads) on the axial and coronal 
views. The mass is predominately iso-
intense on T1-weighted imaging with 
only minimal enhancement.

A B

DC

FIG. 43.2. Central neurocytoma. Axial T2-weighted images 
(A) of a different patient show a large tumor involving both lat-
eral ventricles (arrowheads). It is isointense to gray matter with 
some irregular areas of high T2 signal correlating to cystic 
regions. There are a few very small foci of very low signal 
present which may represent calcifi cations, hemorrhage or ves-
sels. (B) A non-contrast sagittal T1 image shows the isointense 
mass (arrowheads) fi lling the lateral ventricles. Axial and coronal 
(C, D) post-contrast images demonstrate the lesion to have only 
minimal enhancement. Courtesy of Dr Eric Bartlett.



aggressive tumor type [20,26]. Creatine is a measure of 
energy metabolism. Lactate occurs when there is evidence 
of anaerobic metabolism and lipid correlates with necrosis.

When central neurocytomas are evaluated by MRS, the 
amount of NAA present is decreased relative to normal 
values. It might be expected that NAA would be increased 
in these tumors, but the immature neuronal cells likely 
account for this discrepancy. MRS of central neurocyto-
mas also shows increased choline. In most tumors, there is 
a linear correlation between the increased choline and the 
MIB-1 labeling index; in central neurocytomas this is not 
the case [26]. Elevated choline has been reported in other 
‘benign’ tumors besides central neurocytomas; the mech-
anism for this elevation is unclear. Several MRS studies 
also demonstrate the presence of a glycine peak, which is 
not present in normal brain or in most other brain tumors 
[20,26,27]. This metabolite, so far, appears unique to the 
central neurocytomas, although the absence of glycine does 
not exclude the diagnosis [20,27,28]. MRS of extraventricu-
lar central neurocytomas is equivalent to the intraventricu-
lar version [28].

Positron emission tomography (PET) is an imaging 
technique that measures various metabolic indices. PET 
uses various labeled tracers to assess homodynamic and 
metabolic information about various tumors. In tumors, 
the cerebral circulation, as measured by regional cerebral 
blood fl ow and volume, varies depending on the tumor’s 
histology. In central neurocytomas, these perfusion para-
meters are elevated. Oxygen metabolism is always reduced in 
tumors due to anaerobic metabolism. However, the reduc-
tion of the cerebral metabolic rate of oxygen is less in cen-
tral neurocytomas than other brain tumors. This may help 
distinguish this tumor from other more malignant histol-
ogy. 18F-fl uorodeoxyglucose (FDG) can be used to measure 
the metabolic rate of glucose within the tumor. Increased 
metabolic rate of glucose is a characteristic of malignant 
brain tumors [12,28,29]. In a study performed by Mineura 
et al, most of the central neurocytomas had low metabolic 
rates of glucose utilization [24]. One of the cases had a rela-
tively increased glucose metabolism; this particular tumor 
showed rapid re-growth after partial resection. Ohtani et al 
present a case report where a central neurocytoma had an 
extremely high uptake of FDG, even greater than the nor-
mal brain cortex [29]. Upon resection, this tumor was noted 
to have atypical histological features and an elevated LI of 
7%. Consequently, the cerebral metabolic rate of glucose 
maybe a useful predictor of the proliferative potential of the 
tumor, not only at the time of diagnosis, but also as a tool to 
assess residual tumor during treatment.

Thallium-201 single photon emission computed tom-
ography (201Tl SPECT) is a technique that refl ects changes 
in blood–brain barrier permeability, regional blood fl ow and 
activity of sodium-potassium adenosine triphosphatase
pumps on cell membranes. Elevation of 201Tl typically refl ects
malignancy in brain tumors. However, studies have shown 

increased uptake of 201Tl in central neurocytomas that 
does not correspond with the LI [26]. The underlying reason 
for this discrepancy is unknown.

Treatment
The primary treatment of these tumors is surgical, 

irrespective of location [10,17,18,30,31]. Gross total resec-
tion (GTR) has resulted in 5-year local control rates of 
�95% and 5-year survival rates of �90% [30]. Radiation 
therapy has been advocated for lesions that are subtotally 
resected (STR) to increase local control and survival [15,30]. 
However, the exact role of radiation is ill defi ned as some 
patients with an STR do not recur and have similar survival 
to those with GTR. Radiosurgery has been used in cases of 
STR with good local control rates [32,33]. The use of CTX in 
these tumors is limited [14,30,31,34–36].

GANGLIOGLIOMA AND 
GANGLIOCYTOMA

Clinical
Gangliogliomas were fi rst named by Perkins in 1926 

[5]. Gangliogliomas account for 1–11% of tumors in chil-
dren and less than 1% in adults (1.3% of all brain tumors). 
Gangliogliomas (WHO grade I or II) are composed of neu-
ronal and glial elements, while gangliocytomas (WHO 
grade I) are composed predominantly of neoplastic neu-
rons [38]. They most commonly present with seizures, but 
other symptoms do occur depending on the location of the 
tumor. They usually present before the age of 30 and have a 
female predominance [39].

Pathology
Gangliogliomas have a neoplastic glial component, 

usually astrocytes [38]. Gangliocytomas are composed of 
irregular groups of large multipolar neurons often with dys-
plastic features; non-neoplastic glial elements and reticulin 
fi bers make up the stroma [38]. Labeling indices are often 
less than 3%, but an increased growth fraction and the 
presence of p53 may be associated with tumor recurrence. 
Despite these tumors being benign, reports of malignant 
degeneration, anaplastic gangliogliomas, drop metastases 
and dissemination via a VP shunt are published [39–45]. 
Features of anaplasia appear to be a negative prognostic 
factor [44,46,47]. Malignant change is usually of the glial 
elements, which may lead to features similar to a glioblas-
toma multiforme.

Imaging (Figures 43.3 and 43.4)
These tumors can be solid, cystic, or both with little 

or no surrounding edema or mass effect [9]. The location 
of gangliogliomas is most common in the cerebral hemi-
spheres at the cortical or corticomedullary junction, with 
involvement of the temporal, parietal, occipital and frontal
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lobes and basal ganglia [48–53]. The temporal lobe is 
affected more in older patients [54]. Much less common 
is the posterior fossa where involvement of the cerebel-
lum and brainstem is reported [48,53,55,56]. Other intra-
cranial sites of involvement include the trigeminal nerve 
[57], choroid plexus [58], cerebellopontine angle [49,59], 
dura mimicking a meningioma [60], pineal gland [61,62], 
optic chiasm [63,64], intraventricular [65] and hypothala-
mus [55]. Haddad [55] noted that midline lesions tended 
to occur in younger patients [55]. Size can range from 1 to 
10.5 cm and there appears to be an increase in tumor diam-
eter and volume in patients �10 years of age compared to 
those who are older [48,49,51,53,54].

Imaging on CT scan with contrast often shows a well 
circumscribed solid mass or cyst with a mural nodule; the 
latter is seen in about 40–50% of cases [11,48,52,53,55]. 

The cystic lesion is often hypodense or isodense, while the 
solid can be any density [49,52]. Most tumors enhance after 
the administration of contrast which can be homogeneous, 
heterogeneous, or have a ring pattern [66]. Solid tumors are 
more likely to enhance homogeneously while cystic lesions 
enhance inhomogeneously [48,55,66]; cystic lesions can 
have laminar or nodular enhancement [9,48,49,52,53,55]. 
CT scan may be normal in some cases even with the 
administration of contrast [9,48,49,52,53,55]. Calcifi cations 
are seen in 25–30% of cases, but less so in solid appearing 
lesions [9,39,49,52,53]. Intratumoral hemorrhage is a rare 
event [49,55]. For peripherally placed tumors, remodeling 
of the skull may be seen [11,48].

MRI appearance is hypointense, isointense, hyper-
intense or mixed relative to brain on T1 (in decreasing 
order) and almost always hyperintense on T2, but can be 

A B C

FIG. 43.3. Ganglioglioma. (A) An
axial T1-weighted image shows an 
irregularly shaped hypointense lesion 
within the left temporal lobe. (B) On 
the T2-weighted sequence, the lesion 
is high signal (arrow) with surrounding 
less intense edema (arrowhead). (C) 
There is peripheral nodular enhance-
ment on the post-contrast axial T1-
weighted image.

D E F

A B C

FIG. 43.4. Ganglioglioma. (A) An axial 
T1-weighted image faintly shows an area of 
diminished signal (arrow) in the medial aspect 
of the left cerebellum. (B) The T2-weighted 
image shows a larger area of abnormal hyper-
intensity (arrow) corresponding to the lesion 
and the surrounding edema. (C) Post-contrast 
axial and (D) coronal show avid enhancement 
of the lesion (arrow). (E) The B1000 diffusion-
weighted sequence demonstrates high sig-
nal with faint corresponding low ADC signal 
(F) within a portion of the tumor (arrows) con-
sistent with an area of restricted diffusion.



isointense in some cases [49,52,66]. A well-circumscribed 
cyst with a mural nodule is typically seen on MRI. On 
MRI, the cystic component is heterogeneous and mainly 
hypointense on T1 compared to CSF. On T2 they are usu-
ally hyperintense. Solid lesions on MRI are hypo-, iso-, or 
hyperintense on T1 but display increased intensity on T2 
[49,66]. They are often well circumscribed. Enhancement is 
more common than not, but is variable and may be solid, 
rim, or nodular [38,39,49]. Cystic type lesions are more 
common in children [54]. Peritumoral edema may be seen 
but is infrequent; when present it may correlate with an 
increased grade [49–51,53]. In one report of a patient with 
leptomeningeal (LM) spread there was enhancement of the 
meninges in several areas of the brain [67].

On MRS, when compared to the contralateral normal 
hemisphere, there are reduced Cho/Cr and NAA/Cr ratios 
and an increased Cho/NAA ratio; the NAA/Cr ratio is rela-
tively higher than gliomas, likely from the neuronal com-
ponent of the tumor [49]. A lactate peak was seen in two 
separate studies evaluating single gangliogliomas [68,69]. 
Wang et al found that the NAA/Cho and Cr/Cho ratios were 
higher than in other tumors evaluated in the cerebellum 
[69]. MR perfusion of these tumors demonstrates a relative 
cerebral blood volume greater than that of other low-grade 
gliomas; there was a non-signifi cant trend towards correla-
tion with enhancement, but not with increased grade [51].

On angiography, these lesions are essentially avascular 
or hypovascular with abnormal vascularity, but a vascular 
blush can be seen [48,53,55,70].

PET imaging with FDG shows these tumors to be 
hypometabolic relative to normal brain, but may be nor-
mometabolic, corresponding to a low-grade histology; one 
exception is a patient with a grade I/II ganglioglioma that 
was hypermetabolic [49,50]. Selch et al reported one patient 
with normal glucose metabolism while the rest were less 
active than normal brain [53]. Provenzale et al coregistered 
PET with MRI, thereby allowing a better delineation of 
tumor borders, but found that lesions that were hypometa-
bolic before coregistration actually had a heterogeneous 
metabolism and hypermetabolism compared to white mat-
ter (all tumors were low grade) [71]. The dimensions on 
PET correlated well with size on MRI [71]. PET with C-11 
methionine may be hypometabolic or moderately hyper-
metabolic [49,72]. SPECT imaging also correlates with grade 
and is increased if the tumor is high grade; in most cases it 
demonstrates reduced or normal perfusion [49,50,53].

Gangliogliomas may also occur in the spinal cord where 
they have an average length of eight vertebral bodies com-
pared to four for spinal cord astrocytomas or ependymo-
mas [73]. Most occur in the cervical spine but can involve 
the whole cord and are eccentrically located [73]. Tumoral 
cysts are more common than in astrocytomas or ependy-
momas, as is boney erosion. On T1, they most often have 
mixed signal intensity and less often are hypointense; the 
mixed density differs from astrocytomas or ependymomas. 

On T2, they more often have a homogeneous than hetero-
geneous signal [73]. Edema is not a common fi nding. The 
enhancement pattern is variable, but most often is patchy 
and often reaches the surface of the cord.

Gangliocytomas occur most commonly in the cere-
brum – usually the temporal lobe, followed by the frontal 
and parietal lobes [11,66,74]. They may also be seen in the 
cerebellum, hypothalamus adjacent to the fl oor of the third 
ventricle, pineal region, cerebellum and pituitary [75–78]. 
They have been reported to mimic extra-axial lesions like 
a meningioma [74,79]. Gangliocytomas may be associated 
with dysplastic or malformed brains [66].

On CT, they are hypointense and calcifi cation and cysts 
may be seen [74,79]. On T1 MRI, they are usually hypoin-
tense and appear hyperintense on T2-weighted images; 
after the administration of contrast there is strong homoge-
neous enhancement [74]. MRI will reveal low signal inten-
sity on T1, high signal on T2, and enhancement in many 
cases [74]. A peripherally located lesion may have a dural 
tail and appear like a meningioma.

Gangliocytomas have been reported in the spinal cord, 
usually at the cervicothoracic junction [80]. On T1, there is 
a heterogeneous mass with cord expansion. On T2, there 
was heterogeneous increased signal intensity throughout 
the mass and a moderate amount of heterogeneous con-
trast enhancement. Jacob reported a cord lesion without 
enhancement but increased signal on T2 [81].

The radiographic differential diagnoses for ganglioglio-
mas or gangliocytomas includes low-grade gliomas, hamar-
tomas and pleomorphic xanthoastrocytoma.

Treatment
Many large retrospective case series highlight the impor-

tant role of surgery in these tumors, which can lead to long-
term survival rates [39,49,53,82]. Several series have found 
no increased survival with adjuvant RT but, for anaplastic 
lesions, this may be of some benefi t, especially when incom-
pletely resected [44,46,47,53,55, 83,84,85]. There are a hand-
ful of case reports of patients being treated with various CTX 
regimens for gangliogliomas, some of which where ana-
plastic or malignant [43,46,53,82,84,85–93]. In most cases, 
patients with CTX have also received RT, so the true benefi t 
is diffi cult to assess; in several series there was no benefi t, 
patients did poorly, or there was no mention of outcome.

DESMOPLASTIC INFANTILE 
GANGLIOGLIOMA (DIG) AND 
DESMOPLASTIC INFANTILE 
ASTROCYTOMA (DIA)

Desmoplastic infantile ganglioglioma (DIG) was fi rst 
recognized by Vandenberg et al in 1987 [7]. A few years 
before, Taratuto et al described the desmoplastic infantile 
astrocytoma (DIA) [6]. These are rare tumors, designated 
as grade I by the WHO. Both tumors have identical clinical 
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presentations, imaging and histology with one exception. 
The DIA lacks the neuronal component seen in DIG.

Clinical
Presentation is usually within the fi rst 4 months of life, 

although older infants have been described, but almost all 
cases occur in children �2 years with a male predominance 
[7,94]. There is a short time course of symptoms. Infants 
present with a rapid increase in head circumference, bulg-
ing fontanelles, downward ocular deviation (‘sunset sign’); 
other symptoms include seizures, paresis, increased muscle 
tone and refl exes [6,94,95].

Pathology
These tumors present as a large bulky mass, usually 

involving the parietal and frontal lobes and, occasionally, 
the temporal lobe. Over 60% involve more than one lobe, 
although they never cross the midline. The tumor has two 
distinct components. There is a large cystic component 
that may be a part of the tumor or a reaction to the second, 
solid component. The solid component contains neuronal 
elements in variable stages of differentiation. There may be 
very cellular areas of undifferentiated cells with mitotic fi g-
ures and necrosis; however, the LI is typically low. There is 
an intense desmoplastic reaction at the periphery in com-
bination with fi broblastic elements resulting in attachment 
to the dura. As stated above, DIA differs from DIG in that it 
lacks the later neuronal component [6,7,65,96,97].

Although this is a WHO grade 1 tumor, the typical 
benign nature of the neoplasm is variable. It is suggested 
that the amount or degree of anaplasia seen within the solid 
component will predict the tumor’s behavior [96]. There are 
occasional reports of recurrence and CSF spread [95,97,98].

Imaging (Figure 43.5)
There are several key features of the DIG. It is a bulky 

tumor within the frontal and parietal lobes. There is a solid 
component that abuts the meningeal surface with contrast 
enhancement along this side of the mass; there is an asso-
ciated large cystic component [99]. Plain fi lms may demon-
strate diastasis of the sutures. Ultrasound shows a multicystic 
mass. On CT, the tumor should have well-defi ned cystic 
components with attenuation equal to CSF. The solid com-
ponent is superfi cial in location at the cortical margin and is 
isodense to slightly hyperdense. The solid component shows 
avid enhancement. There are no calcifi cations or blood 
products. MRI shows a hypointense cystic mass on T1 with 
an isointense peripheral solid component that enhances; on 
T2, the cyst is hyperintense and the solid portion is hetero-
geneous but will intensely enhance [6]. Occasionally, there is 
mild surrounding vasogenic edema.

Common differential considerations will include 
primitive neuroectodermal tumor (PNET), typical ganglio-
gliomas, supratentorial ependymomas and pleomorphic

xanthroastrocytomas. However, these tumors have vari-
ous characteristics that distinguish them from the DIG 
[95,97,99,100]. Imaging demonstrating a large supratento-
rial, cystic and solid mass with intense enhancement at its 
dural base of attachment in a patient less than 18 months 
of age suggests a DIG in the majority of cases.

Treatment
The superfi cial location of the tumor and excellent dis-

cernible border between the solid tumor and the adjacent 
normal brain tissue should allow for gross total resection, 
except if there is secondary dural attachment [101].

Although the tumors appear histologically malignant, 
their course is usually benign [7,101,102]. At least one report 
of CNS dissemination exists [95,97,98]. The primary mode 
of treatment is surgical with the aim of gross total resec-
tion [7,94,101–103]. In fact, some reports have demon-
strated stable follow-up and even spontaneous regression 
after partial resection [103,104]. One author even recom-
mends repeat surgery before resorting to RT [105]. There 
are only a few patients who have received CTX for DIG/DIA 
[7,68,96,106,107,108].

DYSEMBRYOPLASTIC NEUROEPITHELIAL 
TUMOR

Clinical
Dysembryoplastic neuroepithelial tumors (DNET) are 

low-grade, cortically based tumors that were described as 

A B

FIG. 43.5. DIG. (A) An axial T2-weighted image demonstrates 
a tumor involving predominately the left frontal lobe extending 
into the parietal lobe. There is a large, high signal, cystic com-
ponent, as well as some additional smaller cysts (arrows). The 
solid components (arrowheads) are isointense to brain paren-
chyma. There is surrounding high T2 edema and mass effect on 
the left lateral ventricle. (B) A post-contrast axial T1-weighted 
image demonstrates the low signal cystic components (arrows). 
There is enhancement of the solid component (arrowheads) that 
is avid at the site of attachment to the dura (asterisk). Courtesy of 
Dr Francine Kim.



a distinct entity by Daumas-Duport et al in 1988 [2]. DNET 
are located primarily in the temporal lobes and often lead 
to drug resistant epilepsy. They occur most frequently in 
the second and third decades with a male predominance.

Pathology
These are nodular appearing lesions with glioneuro-

nal elements that have some glial fi brillary acidic protein 
(GFAP) positivity, with ‘fl oating neurons’ that are synap-
tophysin positive. The LI is low and cortical dysplasia may 
be seen. These are usually benign tumors but there are two 
reports of malignant transformation [109,110].

Imaging (Figure 43.6)
These lesions are most commonly found in the medial 

or lateral temporal lobes, but can also occur in the fron-
tal, parietal and occipital lobes, with size ranging from 1 
to 5 cm [110–112]. Other intracranial locations include the 
pons, thalamus, basal ganglia, cerebellum and third ventri-
cle [113–118]. Baisden et al reported on 10 cases of DNET 
that arose from the anterior septum pellucidum [119]. They 
were lobulated lesions, with the larger ones extending into 
the third ventricle. Varying degrees of hydrocephalus were 
present, with the tumors ranging from 1 to 3 cm. They were 
non-enhancing in all but one case, which had minimal 
peripheral enhancement. The lesions were hypointense on 
T1 and hyperintense on T2 or proton density; mild edema 
was noted.

On CT scan, the tumor may be hypodense with a 
pseudocystic appearance, isodense, or hyperdense with 
calcifi cations in about 20% of cases [11,112]. They are pri-
marily well demarcated hypodense lesions [2,66,112,120]. 
Osternun et al found the solid portion to be moderately 
hypodense with marked hypodensity of the cystic lesion 
[112]. Calcifi cation is seen in about 20% of cases. Most are 
inhomogeneous in density without mass effect or edema. 
About one-third enhance after administration of contrast.

On T1 MRI, the tumors are hypointense and, on T2, 
hyperintense; they are well demarcated, multilobulated or 
gyriform in appearance [111,120,121]. Most lesions are cystic 
or multicystic, have a shorter T1 than CSF and appeared 
hypointense, isointense or hyperintense on proton density 
imaging [111,112]. This signal pattern is due to the abundant 
myxoid interstitial matrix and accounts for the differences 
with CSF. The solid portion is isointense and approximately 
one-third to one-half have contrast enhancement (ring-like 
features or a faint margin of enhancement) especially with a 
nodular pattern [11,111,112]. The margins on MRI may not 
be as well defi ned as on CT. Calvarial changes can be seen, 
especially for lesions extending to the cortical margin.

On T2 images, the lesions are hyperintense, with a 
well demarcated margin [110,111,122]. Despite the cystic 
appearance on MRI, cysts are infrequently seen histologi-
cally [111,112]. Edema and mass effect are not seen in most 

cases, but bone remodeling may be noted [110–112,122]. 
Rare cases may demonstrate regions of hemorrhage. With 
high-resolution imaging, septations can be seen on MRI 
within the lesion [110]. Fernandez et al also described a 
‘spatial’ distribution of DNETs as mostly triangular, or 
as rectangular or round [110]. On MRI, these lesions can 
change over time with the development of enhancement, 
without necessarily indicating a change in grade [123]. They 
often have a gyriform confi guration [122].

MRS in one patient showed a reduced NAA and the 
Cho/Cr and Cho/NAA ratios are lower than other gliomas 
[111]. Bulakbasi et al evaluated three patients with DNET 
and found they had normal spectra, which was one way 
to differentiate them from other lesions; they also had the 
highest apparent diffusion coeffi cient (ADC) values among 
low-grade tumors [124]. Vuori et al also report essentially 
normal spectra in DNET with better preservation of the 
NAA peak than in low-grade gliomas [125]. Increased Cho 
and decreased NAA has been reported in a DNET that 
developed contrast enhancement, but remained benign on 
pathology. These MRS fi ndings may differentiate from other 
primary brain tumors.

A B

C D

FIG. 43.6. DNET. (A) Axial CT shows a small rounded area 
of low attenuation in the left temporal lobe. (B) Axial T1- and (C) 
T2- weighted images show the same rounded lesion with low T1 
and high T2 signal. There is no surrounding edema. (D) A post-
contrast axial T1 image shows heterogeneous enhancement.
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On FDG and C-11 methionine PET, these lesions are 
hypometabolic, especially if in the mesial temporal lobe, 
or have mild uptake; uptake has no bearing on the level 
of enhancement [72,126]. Increased activity may suggest 
another diagnosis [72]. SPECT with Tc99m-HMPAO or IMP 
can have normal perfusion or hypoperfusion and no uptake 
on thallium-201 [111,127].

Treatment
Surgical resection is the main treatment with excellent 

long-term outcomes even for subtotally resected tumors 
[2,120,121,128]. There does not appear to be a role for RT for 
these tumors. There are no reports of CTX in the treatment 
of DNET, except in cases where the diagnosis was incorrect, 
but there does not appear to be any indication for its use.

DYSPLASTIC GANGLIOCYTOMA OF THE 
CEREBELLUM

Dysplastic cerebellar gangliocytoma (WHO grade I) or 
Lhermitte-Duclos (LD) is a lesion of the posterior fossa that 
causes unilateral expansion of the cerebellar hemisphere. 
This rare condition is named after the fi rst clinicians to report 
it in 1920 [4]. Historically, this lesion has been known by at 
least ten different names, refl ecting the confusion regard-
ing its pathogenesis. Some features of this lesion suggest a 
neoplastic origin while other features support this lesion as 
hamartomatous. Despite the historically murky classifi ca-
tion, the laminated imaging pattern of the affected cerebellar 
hemisphere is so characteristic that a diagnosis can be made 
based on imaging alone.

Clinical
Although LD has been reported in a wide range of ages, 

it classically presents in the third to fourth decades of life; 
there is no gender predominance [129,130]. Patients experi-
ence headaches, nausea, vomiting, papilledema, cerebellar
symptoms and cranial nerve palsies, and visual distur-
bances due to the progressive mass effect in the posterior
fossa leading to increased intracranial pressure and hydro-
cephalus [129–131]. LD has been associated with several 
other developmental abnormalities. These include mega-
lencephaly, microgyria, syringomyelia, heterotopia, various
skeletal abnormalities (polydactly) and cutaneous hemangi-
omas [129,132,133]. There is also a strong association with
Cowden’s syndrome (CS), an autosomal dominant pha-
komatosis characterized by multiple hamartomas of ecto-
dermal, endodermal and mesodermal origin. There are facial 
tricholemmomas, acral keratosis, oral papillamatosis, intes-
tinal polyposis and fi brocystic disease of the breast. There 
is also an increased incidence of malignant tumors involv-
ing the breast, thyroid, GI, GU and CNS systems [129,130]. 
The association between CS and LD was fi rst  proposed in 
the early 1990s [134]. It is believed that LD and CS represent 
different ends of the spectrum of the same phakomatosis. 

Lok et al investigated 20 patients with CS without neurologic 
disease, 35% of these had an abnormality identifi ed on brain 
MR, including three patients with unsuspected LD [135]. In 
fact, 40% of patients diagnosed with LD have been found to 
have CS [136]. The gene responsible for both Cowden’s syn-
drome and LD has been mapped to chromosome 10. The 
gene is known as PTEN. This is a very powerful tumor sup-
pressor gene because it plays a role in cell division, survival 
and migration [134,137,138]. Alterations of the PTEN tumor 
suppressor gene lead to development of the Cowden’s syn-
drome–LD complex.

Pathology
On histopathology, the lesion is characterized by large 

neuronal cells that expand the granular and molecular layers 
[129,130]. In LD, there are diffuse or focal areas of cerebellar 
cortical hypertrophy. This typically involves one cerebel-
lar hemisphere, left greater than right. There are occasional 
reports of involvement of the vermis or both hemispheres. 
Macroscopically, the folia become thickened and expanded, 
lose their secondary folding and cause expansion of the 
involved tissue. There is replacement of the inner granu-
lar layer and Purkinje layer with large neuronal cells. These 
neuronal cells send their myelinated axons into the overly-
ing molecular layer causing the molecular layer to increase 
in thickness. There is thinning of the central white matter. 
The contrast between the hypermyelinated superfi cial layer 
and the atrophic white matter gives the impression of an 
‘inverted cortex’ [139]. Calcifi cations are frequently present 
in the molecular layer associated with a variable degree of 
microvascular proliferation [131]. The borders between the 
lesion and normal cerebellar tissue are poorly demarcated. 
The absence of necrosis, the rare mitosis and lack of signifi -
cant proliferative activity favors a benign, hamartomatous 
nature of this lesion. This is, therefore, classifi ed as a WHO 
grade I lesion. However, there are reports of recurrence 
following resection even after relatively long disease-free 
intervals, raising the suspicion of perhaps a more ominous 
nature of this lesion [129,132,138–142].

Imaging (Figure 43.7)
The imaging appearance of this lesion refl ects the 

altered cytoarchitecture within the mass. The central por-
tion of the enlarged folia consisting of the diminished white 
matter core and the abnormal granular layer of the cortex 
will appear as a low attenuation layer on CT and low T1 sig-
nal with corresponding high T2 signal on MR. The cortical 
surface (outer molecular layer) of the expanded folia and 
the leptomeningeal surfaces in the effaced sulci are indis-
tinguishable. These regions are isodense on CT and isoin-
tense of both T1- and T2-weighted imaging. Calcifi cations 
(high signal on T1-weighted sequences) and enhance-
ment may occur. This corresponds either to the prolifera-
tion of blood vessels or anomalous veins seen along the 



cortical surface and calcareous deposits within the vessel 
walls [129,131,134,140–142]. Restricted diffusion has been 
reported in a few cases [142,143]. This is secondary to the 
increased cellularity of the granular layer and the increased 
density of the myelinated axons in the molecular layer. MRI 
imaging shows a hypointense lesion on T1 with little or no 
enhancement and hyperintense on T2 [129,130].

Various advanced imaging techniques have looked at 
LD not as a diagnostic tool, but rather to further investigate 
the underlying nature of the lesion. MRS shows decreased 
NAA. This likely refl ects a lack of normal neuronal architec-
ture or immature embryonic tissue unable to express NAA 
rather than a neoplastic behavior. Furthermore, the ratio 
of choline to creatine is normal, confi rming the absence 
of cell turnover and proliferation as would be expected in 
neoplastic processes [136]. Imaging techniques employed 
to evaluate vascular perfusion document elevated cerebral 
blood volume and fl ow in these lesions [132,143–145].

This is felt to correspond with the vascular proliferation 
seen histologically. Ogasawara et al also demonstrated that 
the cerebral metabolic rate of oxygen within an LD lesion was 
equivalent to the contralateral cerebellum [144]. As stated 
earlier, oxygen metabolism should be decreased in tumors 
because of their anaerobic metabolism. An additional SPECT 
study employed technetium-99 m-ethyl cysteinate dimer 
(99 mTc-ECD) as a tracer [146]. Brain tumors lack the enzymatic 
process to retain this tracer so there is a defect on the SPECT 
images corresponding to the tumor. However, there is uptake 
within LD indicating enzymatically normally functioning tis-
sue. These advanced imaging modalities lend support to the 
theory that LD is not a malignancy, but rather a hamartoma.

Treatment
There have been no reports of malignant transforma-

tion of this tumor and its clinical course is benign. The 
optimal treatment is surgical excision and decompression 
to relieve symptoms of increased intracranial pressure 
[128,129]. There are no reports of CTX or RT for this lesion 
and there does not appear to be any indication to use these, 
even when the lesion is incompletely resected.

CEREBELLAR LIPONEUROCYTOMA
First recognized by Bechtel in 1978, this is a well-

 differentiated neurocytic tumor (WHO grade I or II) that 
occurs in the fi fth and six decades, with a slight male pre-
dominance [1,147,148].

Clinical
They typically occur in the cerebellar lobes or vermis or 

cerebellopontine angle and present with symptoms refer-
able to the posterior fossa – dizziness, headache, vomiting 
and gait disturbance, similar to dysplastic gangliogliocy-
toma of the cerebellum [149]. They have been reported to 
occur within the lateral ventricle [150]. Patients can have 
recurrence of their tumor [147].

Pathology
They contain round neoplastic cells with a consistent 

neuronal and focal lipomatous differentiation and a low 
rate of proliferation. There is focal GFAP expression and 
also neuron specifi c enolase and synaptophysin staining; 
the LI is typically low [147–149].

Imaging
CT scan imaging shows a well circumscribed mass in 

the posterior fossa, often with associated hydrocephalus. 
The tumor is iso- to hypodense to brain with moderate 
patchy contrast enhancement [147]. They may have a cystic 
component. One case report of a presumed liponeuro-
cytoma had evidence of hemorrhage on CT scan without 
 contrast [147].

On MR, T1 the mass is iso- to hypointense, with areas 
of hyperintensity correlating with the fat density seen on CT 
scans; they may have a cystic component [147,149]. There 
is irregular enhancement post-contrast. On T2 and proton 
density images, the tumor is heterogeneous and has vari-
able hyperintensity compared to normal cortex [147]. The 
cyst rim is non-contrast enhancing and is isointense to CSF 
on T2 and proton density. Edema is minimal when present 
[147,149]. Hemorrhage may be seen on MRI that is sub-
acute to chronic [149]. The lipomatous component may be 
hyperintense to a variable degree on T1 MRI and enhance-
ment is minimal [148,151]. The differential diagnosis on 
imaging for this tumor only includes medulloblastoma and 
ependymoma.

A B

FIG. 43.7. Lhermitte-Duclos. (A) Axial T1 and (B) T2 images 
show the classic striated cerebellum of Lhermitte-Duclos. This lesion 
involves both a portion of the right cerebellum and the vermis. 
There are stripes of low T1 signal with corresponding high T2 sig-
nal representing the abnormal granular layer and the diminished 
white matter. These stripes alternate with isointense regions that 
are made up of the expanded outer molecular layer and the adja-
cent leptomeningeal surfaces. Courtesy of Dr Eric Bartlett.
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Treatment
The treatment in general is surgical but, for supraten-

torial lesions, radiation may prevent relapse; however, the 
limited number of cases makes any defi nite recommenda-
tions diffi cult [149]. There are no reports of CTX for these 
tumors, so its role is unknown. One report for this tumor 

acting more aggressively exists; this tumor recurred despite 
radiation therapy; the patient underwent a second resec-
tion and was treated with chemotherapy per a medullo-
blastoma protocol, but outcome or response was not noted 
[152]. Relapses of this tumor have been reported.
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INTRODUCTION
Preoperative imaging of pineal region tumors may sug-

gest a histologic diagnosis based on signal characteristics, 
enhancement pattern and morphologic features, but only 
a few of these tumors have specifi c imaging fi ndings. This 
lack of pathognomonic imaging features limits the ability of 
the radiologist to arrive at a reliable preoperative diagnosis. 
The additional challenge of accessing pineal region tumors 
for the purpose of histologic sampling adds to the diffi culty 
of diagnosing and managing pathology in the pineal region.

Most neoplasms encountered in the pineal region are 
somewhat unique to this area and, as such, the clinician 
should be able to produce a short list of diagnostic pos-
sibilities aided by the knowledge of the clinical presenta-
tion, age and gender of the patient, radiological imaging 
characteristics and the presence or absence of biological 
markers (α-fetoprotein (AFP), (β-human chorionic gonado-
tropin (β-HCG) and placental alkaline phosphatase (PLAP)). 
Ultimately however, as the aforementioned features dem-
onstrate variable overlap, histologic sampling is usually 
necessary for obtaining a defi nitive diagnosis.

ANATOMY AND FUNCTION
The pineal gland is a midline, ovoid structure that 

measures approximately 8 � 4 mm in size and is located 
within the quadrigeminal plate cistern, where it lies 
between the two superior colliculi of the tectum. The gland 
arises from the posterior wall of the third ventricle, to which 
it is attached by the pineal stalk. The pineal stalk consists of 
a superior lamina, which contains the habenular commis-
sure, and an inferior lamina, which contains the posterior 
commissure. The two laminae are separated by the pineal 
recess of the third ventricle. The internal cerebral veins, the 
tela choroidea of the third ventricle and the splenium of the 
corpus callosum are located superior to the pineal gland.

The pineal gland is predominantly made up of pin-
eolocytes, which are specialized neuroepithelial cells with 
cytoplasmic processes. A small portion of the pineal gland 
consists of astrocyte-like cells.

The gland plays a role in the regulation of circadian bio-
logic rhythms and cyclic biologic responses to environmental 

changes and regulation of certain circulating hormone levels, 
the most signifi cant of which are serotonin, melatonin and 
pineal peptides.

Diverse processes such as development and growth, 
gonadal function, sleep, body temperature, motor activity 
and aging are infl uenced by the pineal gland [1]. Despite 
the multitude of biological systems in which the pineal 
gland participates, the destruction of the gland by tumor, 
treatment or resection, rarely produces measurable effect.

EPIDEMIOLOGY AND PATHOLOGIC 
CLASSIFICATION

Tumors of the pineal region are relatively uncommon 
and account for approximately 3–8% of brain tumors in chil-
dren and 0.4–1% of brain tumors in patients of all ages [2,3]. 
Interestingly, the occurrence of pineal masses is notably 
higher in Asia, where the incidence is 10–12.5% of all pediat-
ric brain tumors and 2.2–8% of brain tumors overall [4].

Pineal region tumors can be divided into three cat-
egories: germ cell tumors; pineal parenchymal tumors and 
tumors of supporting tissues of the pineal gland or adjacent 
structures.

The most common tumors in the pineal region are the 
germ cell tumors, of which 65% are comprised of pure ger-
minomas. The remainder of germ cell tumors is represented 
by either non-germinomatous germ cell tumors (NGGCT) 
such as embryonal carcinoma, endodermal sinus tumor 
(yolk sac tumor), choriocarcinoma and teratoma or mixed 
germ cell tumors.

Tumors arising from pineal parenchymal cells account 
for 5–20% of all pineal region tumors. These tumors can 
be divided into pineoblastomas, pineocytomas and mixed 
pineocytoma/pineoblastomas.

The remainder of the pineal region tumors arise from 
the supporting cells within the pineal gland or from the 
surrounding structures. These include astrocytomas, 
ependymomas, choroid plexus papillomas, primitive neuro-
ectodermal tumors (PNETs), lymphomas, gangliogliomas, 
dermoid/epidermoid cysts, meningiomas and metastases.

CHAPTER 44

Pineal Region Tumors
V. Michelle Silvera 
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CLINICAL PRESENTATION
The most common clinical fi ndings in patients with 

pineal region tumors are related to increased intracranial 
pressure secondary to compression of the sylvian aque-
duct and hydrocephalus. These symptoms include head-
aches, nausea and vomiting, drowsiness, blurred and 
double vision, sixth cranial nerve palsy and papilledema. 
Ophthalmologic signs such as impairment of upward gaze, 
also known as Parinaud’s syndrome, as well as dilated 
pupils unreactive to light but responsive to accommoda-
tion, convergence retractory nystagmus (rhythmic conver-
gence of the eyes and retraction of the eyes into the orbits, 
usually elicited by attempting to look upward) are seen with 
compression or invasion of the adjacent midbrain. Less 
common symptoms include hemiparesis, third nerve palsy, 
ataxia, precocious puberty, hypogonadism and seizures. 
Diabetes insipidus may occur if the fl oor of the third ventri-
cle or the hypothalamus is involved by tumor.

IMAGING

Pineal Calcifi cation
Calcifi cation of the pineal gland is rare under the age of 

6 and occurs in fewer than 11% of children between the ages 
of 11 and 14. Forty percent of the normal population has 
pineal calcifi cations by the age of 20 [5]. Normal pineal cal-
cifi cation has been described as compact, sand-like or gran-
ular in appearance and less than 1 cm in size (Figure 44.1).

Pineal Region Germ Cell Tumors
The most common tumors of the pineal region are germ 

cell tumors. These are non-neuroectodermal tumors. The 
origin of these tumors is unknown, but the tumor cells are 
believed to arise from fetal germinal cells, similar to gonadal 
germ cells, which migrated to the fetal central nervous sys-
tem early in development and persisted [6]. Germ cell tumors 
are classifi ed by cell type and may be benign or malignant.

Germinoma
Germinomas are the most common tumor of the pin-

eal region. These account for two-thirds of germ cell tumors 
and 40% of all pineal region tumors [7]. Germinomas are 
histologically identical to testicular seminomas and ovarian 
dysgerminomas and are histologically characterized by large 
multipotential primitive germ cells and cells that resemble 
lymphocytes. Males are far more commonly affected than 
females and the peak age of presentation is within the sec-
ond and third decades of life. Germinomas per se are not 
specifi c to the pineal region and can be found as primary 
tumors within the suprasellar region, periventricular white 
matter and within the basal ganglia.

On computed tomography (CT), germinomas are typi-
cally well defi ned, hyperdense and demonstrate homo-
geneous enhancement. Tumoral calcifi cation is variably 
seen (Figure 44.2). A calcifi ed pineal gland engulfed by 

FIG. 44.1. Normal pineal gland. CT scan shows calcifi cation 
in a normal pineal gland. The calcifi cation is 3 mm in size and 
compact.

FIG. 44.2. Pineal germinoma. Non-enhanced CT scan demon-
strates a mass in the region of the pineal gland, extending into the 
posterior aspect of the third ventricle. The calcifi ed pineal gland is 
displaced to the right by tumor. The tumor substance is homogene-
ous in appearance and of slightly higher attenuation than brain. 
Hydrocephalus is present.



non-calcifi ed tumor has been reported to be a specifi c 
imaging appearance of germinomas (Figure 44.3) [8]. On 
magnetic resonance (MR) images, germinomas tend to be 
homogeneous in signal characteristics with usually few if 
any small tumoral cysts. The enhancement pattern is gen-
erally homogeneous and intense. The tumor substance 

typically approximates that of gray matter on both short 
and long time to recovery/echo time (TR/TE) images 
(Figure 44.4) [9].

The growth vector of tumor is usually in a ventral direc-
tion, with encroachment or extension into the posterior 
aspect of the third ventricle (Figure 44.5). Invasion into 
the adjacent thalami or midbrain is not infrequently seen 
(Figure 44.6) [10]. Leptomeningeal dissemination of tumor 
into the intracranial or spinal compartment is frequently 
seen [8]. In the series by Maity et al, 36% of patients had 
spinal dissemination of tumor at the time of diagnosis [11].

Non-germinomatous Germ Cell Tumors
These tumors, which include embryonal carcinomas, 

yolk sac tumors, choriocarcinomas, teratomas and mixed 
germ cell tumors, tend to be more heterogeneous in sig-
nal characteristics and enhancement pattern than pure 
germinomas [12,13]. Small intratumoral cysts and tumoral 
calcifi cations are more commonly seen (Figures 44.7, 44.8 
and 44.9). Overall, however, the appearance of these tumors 
is non-specifi c.

Teratomas are the second most common pineal region 
masses and account for 15% of all pineal region tumors [7]. 
These tumors are much more common in males. The fi ve 
teratomas reported by Ganti et al were all male [8]. In their 
series, all teratomas were heterogeneous in appearance 
with cysts, calcifi cations and variable enhancement. Eighty 
percent demonstrated calcifi cation and the presence of a 
fatty component was found to be specifi c (Figure 44.10).

Choriocarcinomas are rare and their imaging appear-
ance is non-specifi c. However, the presence of intratumoral 
hemorrhage has been reported to be suggestive of a chorio-
carcinoma [9].

No specifi c radiologic features have been described for 
yolk sac tumors or mixed germ cell tumors.

FIG. 44.3. Pineal germinoma. Enhanced CT scan shows a 
homogeneously enhancing, non-calcifi ed mass which surrounds 
the anterior aspect of the calcifi ed pineal gland.

A C DB

FIG. 44.4. Pineal germinoma. (A) Axial T1-weighted MR image demonstrates an isointense pineal region mass. (B) Axial 
T2-weighted MR image shows the mass to be homogeneously hypointense. (C) Sagittal T1-weighted post-contrast MR image shows 
homogeneous enhancement of the pineal mass, which compresses the tectum. (D) Axial T1-weighted post-contrast image shows homo-
geneous enhancement of the pineal region mass.
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Pineal Parenchymal Tumors
Pineal parenchymal tumors account for less than 15% 

of pineal region masses. These tumors are subdivided into 
pineocytomas, pineoblastomas and mixed pineocytoma/
pineoblastomas. There is no gender predilection [14].

Pineocytomas
Pineocytomas are well differentiated tumors that retain 

the morphological and immunohistochemical features of 
pineal parenchymal cells. Lobular architecture and pineo-
cytomatous rosettes are typical features. The pineocytoma 
is a circumscribed though unencapsulated, slow growing 
tumor, which does not usually seed the CSF pathways.

In the series of pineal parenchymal tumors by Chiechi 
et al, 10 patients were found to have pineocytomas, eight 

A B C D

FIG. 44.5. Pineal germinoma. (A) Axial T1-weighted MR image demonstrates a homogeneous, hypointense pineal region tumor 
which extends into the posterior aspect of the third ventricle. (B) Axial T2-weighted MR image shows a homogeneous appearing 
hypointense mass. (C) Sagittal T1-weighted post-contrast MR image shows a lobulated, mildly heterogeneous enhancing mass that 
compresses the midbrain. (D) Axial T1-weighted post-contrast MR image shows mildly heterogeneous enhancement of the pineal 
germinoma.

A B

FIG. 44.6. Pineal germinoma. (A) Axial T1-weighted post-
contrast MR image shows a circumscribed, intensely enhancing 
pineal mass with edema within the adjacent thalami, sugges-
tive of parenchymal invasion. (B) Axial T2-weighted MR image 
shows the tumor to be hypointense relative to brain. Edema is 
seen within the adjacent thalami.

A B

C

FIG. 44.7. Non-germinomatous germ cell tumor in three 
different patients. (A) Non-enhanced CT scan shows a mildly 
hyperdense pineal tumor with punctuate tumoral calcifi cations. 
(B) Non-enhanced CT scan shows a heterogeneous pineal tumor 
with heterogeneous tumoral calcifi cation. (C) Non-enhanced 
CT scan shows a heterogeneous, partially cystic tumor with 
calcifi cation.
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FIG. 44.8. Non-germinomatous germ cell tumor. (A) Sagittal T1-weighted MR image shows a partially cystic and partially enhancing 
pineal tumor. (B) Axial T2-weighted MR image shows a partially cystic, heterogeneous appearing tumor. The solid component of tumor 
is hypointense. (C) Axial T1-weighted post-contrast MR image shows the partially cystic and partially solid heterogeneously enhancing 
tumor.

A B C

FIG. 44.9. Non-germinomatous germ cell tumor with seeding. (A) Sagittal T1-weighted post-contrast MR image shows a very large, 
very heterogeneous pineal region tumor. The different components of the tumor demonstrate variable enhancement. This is sugges-
tive of an NGGCT with several different tumoral elements. Subarachnoid seeding is observed within the suprasellar cistern. (B) Axial 
T1-weighted post-contrast MR image again demonstrates the variable enhancement of the solid components of tumor within the mass. 
(C) Axial T2-weighted image shows variable hypointensity of the solid tumor components.

A B C D

FIG. 44.10. Teratoma. (A) Non-enhanced CT scan shows a heterogeneous mass with tumoral calcifi cation and a fatty component. 
(B) Sagittal T1-weighted MR image without contrast shows the fatty component in an arc-like confi guration. The calcifi c component 
is less well appreciated. (C) Axial T2-weighted MR image shows the fatty component to be associated with chemical shift artifact. 
(D) Axial T1-weighted post-contrast MR image demonstrates mild tumoral enhancement.
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of which were in adult patients and two of which were in 
children [15]. All pineocytomas in their series were solid in 
appearance with either homogeneous or heterogeneous 
signal characteristics with the exception of one pineocy-
toma, which simulated a pineal cyst. In contrast, in a series 
of 13 cystic pineal region masses with histologic correlation 
by Engel et al, six of these cystic pineal masses were proven 
to be pineocytomas [16]. All patients in this series were 
under the age of 10.

Solid pineocytomas are typically hypodense on CT and 
demonstrate various enhancement patterns, either homo-
geneous or heterogeneous [15].

On magnetic resonance imaging (MRI), solid pineo-
cytomas show low, iso- or mixed low and isointense signal 
relative to gray matter on short TR/TE images and more 
commonly high signal on long TR/TE images. The enhance-
ment pattern is either homogeneous or heterogeneous and 
the tumor margins are usually well defi ned (Figure 44.11). 
Tumoral calcifi cation is common [9]. In Engel’s series of 
cystic pineocytomas, all pineocytomas were well defi ned, 
measured 8–20 mm in diameter, demonstrated enhancing 
walls and were indistinguishable from pineal cysts.

Pineoblastomas
Pineoblastomas are embryonal tumors that resemble 

primitive neuroectodermal tumors (PNET). Pineoblastomas 
are distinct from PNETs in other sites due to their pho-
tosensory differentiation. Pineoblastomas are malignant 
unencapsulated tumors, which frequently invade the adja-
cent brain parenchyma and seed the CSF pathway.

On CT, pineoblastomas are typically hyperdense, show 
variable calcifi cation and are either homogeneous or het-
erogeous in appearance (Figure 44.12). In the series of 
pineoblastomas reported by Chiechi et al, four of the eight 
patients with pineoblastomas had CTs available and none 
of these demonstrated tumoral calcifi cation [15].

The ‘exploded pineal pattern’ of calcifi cation has 
been described in both pineocytomas and pineoblatomas 

(Figure 44.13). The pattern describes the peripheral dis-
placement of native pineal gland calcifi cations within 
tumor that is more typical of pineal parenchymal tumors 
than of germ cell tumors [9].

MRI generally shows low to isointense signal to gray 
matter on short TR/TE images and variable signal with low, 
high and mixed signal seen on long TR/TE images. When 
compared to pineocytomas, pineoblastomas are usually 
slightly larger, their contours more frequently lobulated and 
their enhancement pattern more homogeneous (Figures 
44.14 and 44.15). These tumors are less frequently calcifi ed 
than pineocytomas [15].

Patients with mixed pineocytoma/pineoblastoma tumors 
show a mixture of the imaging features mentioned above.

Pineal Astrocytomas
These tumors are thought to arise from the pineal inter-

stitial cells and may be diffi cult to discern from astrocytomas 

A B C D

FIG. 44.11. Pineocytoma. (A) Sagittal T1-weighted MR image without contrast shows a heterogeneous, hypointense pineal region 
mass. (B) Sagittal T1-weighted post-contrast MR image shows heterogeneous enhancement. (C) Axial T1-weighted post-contrast MR 
image shows heterogeneous enhancement. (D) Axial T2-weighted MR image shows a relatively hyperintense pineal mass.

A B

FIG. 44.12. Pineoblastoma, two different patients. (A) Axial 
non-contrast CT image demonstrates punctuate calcifi cation 
within the tumor substance. (B) Axial non-contrast CT image dem-
onstrates calcifi cation with hyperdense tumor.



that arise from the parapineal structures, such as the mid-
brain, thalami or splenium, which then extend secondarily 
into the pineal region.

Other Tumors
Other tumors may occur in the pineal region, such as 

ependymomas (Figure 44.16), PNETs (Figure 44.17), men-
ingiomas, dermoid/epidermoid cysts and metastases. 
Dermoid cysts are circumscribed, non-enhancing masses, 
which may contain fat. Epidermoid cysts typically dem-
onstrate striking restricted diffusion and meningiomas are 
characterized by a dural attachment to the free edge of the 
tentorium. Non-neoplastic masses include vascular malfor-
mations such as cavernous malformations and vein of Galen 
aneurysms (Figure 44.18), arachnoid cysts (Figure 44.19) 
and congenital lesions such as lipomas (Figure 44.20).

Pineal Cyst
Pineal cysts are common incidental fi ndings in the 

normal population. Cysts can be seen in up to 5% of the 
normal population [17], or more frequently in up to 40% 
of unselected patients [18]. Pineal cysts may be unilocu-
lar or multilocular and are fi lled with proteinaceous mate-
rial. Histologically, the fl uid is surrounded by cyst wall and 

FIG. 44.14. Pineoblastoma. (A) Sagittal T1-weighted post-
contrast MR image shows mildly heterogeneous enhancement of 
the pineal region tumor. (B) Axial T2-weighted MR image shows 
markedly hypointense tumor substance. (C) Axial T1-weighted 
post-contrast MR image shows a circumscribed tumor with mild 
enhancement.

A B

C

FIG. 44.13. Pineoblastoma. Non-contrast CT demonstrates the 
‘exploded pineal pattern’ with peripheral displacement of native 
pineal calcifi cations within the tumor substance.

FIG. 44.15. Pineoblastoma. (A) Sagittal T1-weighted MR 
image shows a very large pineal region tumor with marked mass 
effect. (B) Axial T2-weighted MR image shows markedly hypoin-
tense tumor substance. (C) Axial T1-weighted post-contrast MR 
image shows a large, lobulated intensely enhancing mass.

A B

C
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A B

FIG. 44.16. Ependymoma. (A) Sagittal T1-weighted post-
contrast MR image shows a lobulated enhancing pineal region 
mass. (B) Axial T2-weighted images are degraded by brace arti-
fact. Tumor substance is markedly hypointense relative to brain.

FIG. 44.17. PNET. (A) Sagittal T1-weighted post-contrast 
MR image shows a large heterogeneous lobulated mass with 
small tumoral cysts. (B) Axial T2-weighted MR image shows a 
heterogeneous mass with multiple small tumoral cysts. (C) Axial 
T1-weighted post-contrast MR image shows a large tumor with 
intense enhancement and multiple small tumoral cysts.

A B

C

pineal parenchyma. The cyst wall is typically composed of 
three layers: an inner gliotic layer with Rosenthal fi bers, a 
middle layer with columns of pineal parenchyma and a thin 
fi brous external layer. As the pineal gland is located out-
side the blood–brain barrier, the periphery of the cyst will 

FIG. 44.18. Vein of Galen malformation. (A) Axial post-
contrast CT scan of the brain demonstrates enhancement within 
the large Vein of  Galen malformation. (B) Sagittal T1 non-contrast 
T1 weighted image demonstrates the large fl ow void of the Vein of 
Galen malformation with pulsation artifact, denoting its vascular 
nature. (C) T2-weighted image again shows the large fl ow void 
with pulsation artifact.

A B

C

A B

FIG. 44.19. Arachnoid cyst. (A) Sagittal T1-weighted 
MR image shows a very large cyst with mass effect. (B) Axial 
T2-weighted MR image shows the cyst with marked mass effect 
upon the tectum and hydrocephalus.

typically enhance (Figure 44.21). Size varies and when pin-
eal cysts are large enough, symptoms may occur due to 
local mass effect.

The majority of pineal region tumors grow as solid 
masses occasionally with areas of small cystic change. 



A cystic appearance of a pineal neoplasm is unusual [7]. 
However, in the aforementioned series of 13 cystic pin-
eal region masses by Engel et al, six of these cystic pineal 
masses were proven to be pineocytomas [16]. The remain-
der of the cystic lesions in the series was represented by 
four glial cysts, one arachnoid cyst, a low-grade glioma and 
a teratoma.

TUMOR MARKERS
Tumors of germ cell origin may produce specifi c 

embryonic markers such as β-HCG, AFP and PLAP. The 
marker profi le in CSF and serum is helpful in the differen-
tial diagnosis of germ cell tumors.

Choriocarcinoma produces β-HCG. Endodermal sinus 
tumor produces AFP. Embryonal cell carcinoma produces 
both AFP and β-HCG. Mature teratomas do not express any 
tumor markers, whereas malignant teratomas may produce 
low levels of β-HCG or AFP. Mixed germ cell tumors may 
produce a combination of tumor markers.

Germinomas are either marker negative or may dem-
onstrate elevations of PLAP [19]. Low levels of β-HCG can be 
seen in germinomas with syncytiotrophoblastic giant cells.

CSF is obtained from a lumbar puncture or from the 
lateral ventricles at the time of surgery and sent for analy-
sis. The concentration of tumor markers found in the CSF 
is usually higher than the levels obtained from serum. The 
concentration of tumor markers found in the lumbar CSF is 
generally higher than the levels found in CSF obtained from 
the ventricles [20].

MAKING A DIAGNOSIS
In the absence of detectable tumor markers within 

the CSF or serum, a tissue diagnosis will be necessary. 
Diagnostic options include ventriculoscopic biopsy at the 
time of third ventriculostomy. As patients with pineal region 
tumors usually present with obstructive hydrocephalus, 
this technique is probably the simplest and safest option 
for obtaining tissue. If this approach is not feasible, either 
stereotactic biopsy or an open biopsy can be performed.

If tumor markers are positive, the diagnosis of an 
NGGCT, namely embryonal carcinoma, endodermal sinus 
tumor, choriocarcinoma, immature or malignant teratoma 
or mixed germ cell tumor can be presumed. As treatment 
is directed towards the most malignant element of tumor 
and considering that the treatment protocols for NGGCTs 
are the same, the precise histologic diagnosis is not neces-
sary as the result would not alter the treatment plan and, as 
such, a tissue diagnosis can be foregone.

If the serum and CSF are negative for tumor markers, 
the differential considerations include germinoma, pin-
eoblastoma, pineocytoma as well as non-germ cell origin 
tumors and non-pineal parenchymal tumors, and tissue 
sampling is necessary.

TREATMENT AND PROGNOSIS
Germinomas are highly radiosensitive and the majority 

of germinomas are curable by radiation therapy alone. In 
the absence of subarachnoid seeding, patients receive cra-
nial radiation to the whole ventricular fi eld. There is some 
debate over the extent of this fi eld of radiation. If there is 
evidence for tumor dissemination, patients receive cranio-
spinal radiation. Five-year survival rates are generally over 

FIG. 44.20. Pineal lipoma. Non-contrast CT scan demonstrates 
a pineal region lipoma. The calcifi ed pineal gland lies anterior to 
the fatty mass.

FIG. 44.21. Pineal cyst. Sagittal T2-weighted image demon-
strates a simple pineal cyst.
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85% [21]. Supplemental platinum-based chemotherapy 
may allow reduced dose radiation therapy for similar tumor 
control rates [22].

NGGCTs are treated with multiagent platinum-based 
chemotherapy. Surgery may be performed prior to chemo-
therapy or after reduction of tumor with chemotherapy. A 
surgical gross total resection is the goal if there is residual 
tumor. Radiation therapy to the craniospinal axis is then 
recommended only if the patient is rendered disease-free 
post-chemotherapy and surgery. Five-year survival rates 
between 40 and 70% have been reported [23].

Pineocytomas are generally treated with surgical resec-
tion. Supplemental radiation therapy may be considered 
up-front or postponed until recurrence is determined [24]. 
Five-year survival rates over 80% are reported [24].

Pineoblastoma is treated with surgical resection fol-
lowed by adjuvant craniospinal radiation therapy and 
multiagent chemotherapy. The prognosis is generally poor 
as with other PNETs, with a 5-year survival rate of 30% in 
childhood [25].

Benign pineal region tumors such as mature teratomas, 
meningiomas, dermoid and epidermoid cysts and choroid 
plexus papillomas are curable by surgery alone. Low-grade 
astrocytomas may benefi t from surgery, radiation therapy 
or chemotherapy.

SUMMARY
Tumor pathology found in the pineal region is some-

what unique to this area of the brain. The imaging features 
of pineal region tumors are unfortunately varied, with con-
siderable overlap. Therefore, making an accurate preopera-
tive diagnosis in these patients is usually not possible based 
on imaging alone.

Certain observations discussed in this chapter may 
help in limiting the differential considerations. For 
instance, pineal parenchymal tumors have no gender 
predilection, whereas germinomas are more common in 
males. Therefore, a homogeneously enhancing pineal mass 
in a young male is most likely going to be a germinoma. 
CSF dissemination suggests either a germ cell tumor or a 
pineoblastoma. The presence of intratumoral fat is seen in 
teratomas and dermoid cysts. Strong restricted diffusion 
is seen in epidermoid cysts. A pineal region mass with a 
dural attachment to the free edge of the tentorium is seen 
in meningiomas.

In the absence of any of the aforementioned imaging 
characteristics or demonstrable tumor markers, biopsy 
is necessary for a diagnosis. The prognosis is variable as 
described, dependent on the tumor histology.
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CHORDOMA
Chordomas are rare, locally aggressive, low-grade to 

intermediate-grade malignant tumors, usually of bone, 
that arise from embryonic notochord remnants or ectopic 
notochordal tissue. They represent 4% of all primary bone 
tumors, but only 0.2–1% of primary intracranial tumors 
[1,2]. Since fi rst being described in 1894 by Ribbert, not 
many more than 1000 cases have been reported [2]. They 
usually occur along the midline, anywhere from the 
spheno-occipital synchondrosis of the clivus to the sacro-
coccygeal region (Figures 45.1–45.4). Cranial chordomas 
represent approximately one-third of all chordomas, with 
spinal chordomas being 15–33% and sacral chordomas 29–
49% [2,3]. Cranial chordomas typically occur at the sphen o-
occipital synchondrosis of the clivus and less commonly at 
the basisphenoid and basioccipital synchondroses, but may 
occur anywhere along the midline, having been described 
in the nose [4], nasal septum [5], oropharynx [6], ethmoid 
sinus [7], sphenoid sinus, maxilla, retropharyngeal extraos-
seous [8], retroclival extradural [9], intradural [10], sella tur-
sica (see Figure 45.4) [11–13], suboccipital region [14] and 
nasopharynx [15]. Cranial chordomas can occur off midline 
in 14% of cases and have been described in the cavernous 
sinus (Figure 45.5), jugular foramen (Figure 45.6) [16–18] 
cerebellopontine angle [19], intradural cerebellar [20] and 
temporal bone at the petrous apex [21].

The overall incidence of chordomas is 0.08 per 100 000. 
They are more common in whites than blacks (4:1) [2] and 
more common in males than females, as much as 2:1 in one 
series [3]. Median age of diagnosis is 58.5 years, although 
in blacks the median age of diagnosis is much younger at 
27. The median age for cranial tumors is 49, which is much 
younger than the median age of presentation for sacral 
tumors – 69 years. The younger age of cranial presentation 
may in part relate to the earlier manifestation of symptoms. 
Females also have a greater likelihood of cranial presenta-
tion, as do blacks. Cranial chordomas are more common in 
females and typically occur at a younger age [2].

Pathology
Grossly, chordomas are soft, gelatinous, semitranslucent 

blue-gray, multilobulated tumors. Histologically, although 
there are no absolute or specifi c histologic features, there 
are four criteria used for the diagnosis of chordoma that are 
fairly constant:

1 a lobular arrangement of cells
2 a tendency for the cells to grow in cords, irregular 

bands, or pseudoacinar forms
3 production of abundant intercellular mucinous matrix 

and, most characteristically
4 the presence of large physaliphorous and vacuolated 

cells [15].

There are two different histologic types of chordo-
mas: typical or classic chordomas and chondroid chordo-
mas. Typical chordomas are primarily made up of cords of 
physaliphorous cells. The chondroid variant of chordomas, 
fi rst described by Heffelfi nger et al in 1973, has a striking 
histologic resemblance to chondrosarcomas and chon-
dromas, with the stroma resembling hyaline cartilage with 
neoplastic cells in lacunae [3]. The chondroid variant repre-
sents approximately 14% of all chordomas, although almost 
all chondroid chordomas occur in the cranial region and 
represent a third of all chordomas in the spheno-occipital 
region. They are more common in females, present at a 
younger age and are believed to be associated with a bet-
ter prognosis [3]. Typical chordomas are almost always 
positive for epithelial markers such as cytokeratin (CK) and 
epithelial membrane antigen (EMA) and positive for S-100 
protein in 44–76.5% of cases [22,23]. Chondroid chordoma 
stain positive for S-100 protein in 85–100% of cases, but in 
only one-third of cases for CK and EMA [22,23]. Chordomas 
also stain strongly with vimentin.

Clinical
The symptoms generally depend on the location of 

the tumor. Diplopia is the most common symptom, being 
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noted in 64% of cases in one series [24–29]. Diplopia is due 
to cranial nerve palsies of which cranial nerve VI is the most 
commonly involved [25,28,30]. Headaches are the second 
most common symptom in cranial skull base chordomas 
and are noted in 32% [24–29]. They are usually occipital or 
retro-orbital. Tinnitus and hearing loss may also be symp-
toms [31] as can neck pain with clival chordomas [32]. 
Other symptoms may include facial pain and dysesthesia, 
decreased vision, gait disturbance and vertigo [24].

Imaging
Magnetic resonance imaging (MRI) and computed tom-

ography (CT) are both useful modalities used in the evalu-
ation of chordomas and generally both are obtained. Both 
modalities are equivalent in the detection of the tumor, 
but MRI is better in evaluating the extent of the tumor and 
delineating its relationship to the vasculature, which is crit-
ical in surgical planning [33]. CT is better in demonstrating 
bone destruction and the presence of calcifi cations.

On CT, chordomas are typically homogeneous and 
isodense to muscle, expansile, destructive and lytic lesions 
of the skull base. CT is excellent in assessing the degree of 
osteolysis [34]. Thin section CT is most useful in defi ning 

the anatomy of bone destruction at the skull base and 
the extent of calcifi cations. Foci of calcifi cation may also 
be seen in less than 50% of cases and are diffi cult to dis-
tinguish from sequestered bone fragments [34]. In typi-
cal chordomas, calcifi cations within the lesion are more 
likely to represent sequestered bone fragments, while in 
chondroid chordomas these are more likely to be tumoral 
dystrophic calcifi cations. After contrast, the tumors dem-
onstrate heterogeneous enhancement (see Figures 45.1A,B, 
45.2A,B, 46.6A,B and C).

MRI, because of its superior soft tissue contrast and 
multiplanar capability, is the exam of choice in delineating 
the anatomic extension of chordomas and defi ning involve-
ment of adjacent and critical structures. Chordomas involve 
the cavernous sinus in 60% of cases, the petrous apex in 
48%, intradural 48%, upper clivus 48%, sphenoid sinus 
44%, middle clivus 32%, lower clivus 24%, occipital condyle 
24% with less common involvement of the nasopharynx, 
infratemporal fossa, jugular foramen and C2–3 to name a 
few [24]. Sagittal images are ideal in defi ning the posterior 
margin of the tumor, its relationship to the brainstem and 
nasopharynx and intradural extension. Coronal images are 
most useful in showing involvement of the cavernous sinus, 

FIG. 45.1. Typical chordoma. A 30-year-old male with a history of a cochlear implant presents with right facial pain, headache and 
fever. Immunostains were positive for cytokeratin AE1/AE3 and S-100 protein. (A) CT head without contrast and (B) CT head with 
bone windowing demonstrate a lytic lesion of the clivus. (C) MRI sagittal T1-weighted image without contrast demonstrates the mass of 
the clivus, isointense to muscle and projecting into the nasopharynx. (D) MRI axial T2-weighted image without contrast shows that the 
mass is lobulated and of increased signal. The signal is relatively uniform which occurs in only 21%. (E) MRI axial T1-weighted image 
without contrast. The lesion is of low signal. (F) MRI axial T1-weighted image with contrast demonstrates relatively homogeneous 
enhancement.
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which is most common, and of the optic chiasm [33,35,36]. 
Chordomas are generally isointense to hypointense on T1-
weighted images (T1WI) with 75% being isointense [33,37]. 
The T1WI images are especially useful in defi ning tumor–
CSF interfaces [22]. Foci of increased signal on T1WI may 

be seen refl ecting hemorrhage and mucinous collections 
[37]. On T2-weighted images (T2WI), they are typically of 
increased signal that is heterogeneous in 79% [37], with 
70% demonstrating septations of low signal, separating 
lobulated areas of increased signal (see Figures 45.2D and 

A B
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FIG. 45.2. Typical chordoma. (A) CT of the head with bone window demonstrates a large, destructive, multilobulated mass of 
the clivus and nasopharynx. (B) CT of the head with contrast: after contrast the mass shows enhancing septations. (C) MRI sagittal 
T1-weighted image without contrast shows that the mass has destroyed the clivus posteriorly but maintains a CSF interface between it 
and the brainstem. (D) MRI axial T2-weighted image without contrast: on this image the mass is hyperintense with septations of low 
signal separating lobulated areas of increased signal, rather classic for a chordoma. (E) MRI sagittal T1-weighted image with con-
trast; the mass enhances rather intensely as most chordomas do with a lobulated, honeycomb appearance which is characteristic for 
chordomas.

A
B

C

FIG. 45.3. Typical chordoma. (A) MRI axial T2-weighted image reveals a very large, lobulated mass of the clivus that is hyperin-
tense. (B) MRI sagittal and (C) axial T1-weighted images with contrast demonstrate only mild enhancement of the large clival lesion 
with severe compression and posterior displacement of the brainstem. Courtesy of Steven P. Meyers MD, University of Rochester, 
Rochester, New York.



45.6E) [33,37,38]. Chondroid chordomas tend to be brighter 
on T1WI and less intense than typical chordomas on T2WI, 
secondary to lower water content in the cartilage-like tis-
sue [33]. Almost all chordomas enhance after intravenous 
contrast administration, with 81% enhancing heterogene-
ously (see Figures 45.1–45.6) [37]. A lobulated, honeycomb 
appearance after gadolinium contrast is rather characteris-
tic (see Figure 45.2E) [39].

Overall, CT and MRI are complementary exams in the 
imaging of chordomas and both are usually needed for 
treatment planning. The imaging appearance of chordoma, 
however, is not pathognomonic. Imaging studies cannot 
reliably distinguish chordoma from chondrosarcoma or 

other skull base lesions. Histological studies are necessary 
for confi rmation of the specifi c diagnosis [38].

Chordomas have been detected on positron emission 
tomography (PET) using F-18 fl uoro-deoxyglucose (FDG) 
and C-11 methionine (MET) [40,41]. In 12 of 15 (80%) 
patients imaged prior to treatment with carbon-ion radio-
therapy (CIRT), the chordomas were clearly visible on the 
baseline MET-PET study with a mean tumor to non-tumor 
ratio of 3.3�/�1.7. The methionine uptake decreased sig-
nifi cantly to 2.3�/�1.4 after carbon-ion radiotherapy. A 
signifi cant reduction in tumor MET uptake of 24% was 
observed after carbon-ion radiotherapy; 93% of patients 
showed no local recurrence after CIRT with a median 
follow-up time of 20 months. This indicates that MET-PET 
could potentially provide important tumor metabolic infor-
mation for the therapeutic monitoring of chordomas after 
treatment [41]. Much work remains prior to PET being rou-
tinely used.

Treatment
Surgery is the mainstay of treatment of chordomas. 

Radical resection is the key factor in longer survival and 
improved quality of life with longer survival associated with 
more extensive tumor removal [29,42–46]. The location of 
the tumor, its invasive nature, its proximity to and involve-
ment of critical neural (cranial nerves, optic chiasm, brain-
stem) and vascular structures (carotid, vertebral, basilar 
arteries) frequently prevents complete resection with radi-
cal removal achieved in only 44% in one series [24]. Radical 
surgical removal and high dose radiation therapy, particu-
larly proton beam, are effective in tumor control. High-dose 
radiation therapy, especially fractionated proton beam or 
combined proton-photon beam therapy, has been shown to 

A B C D

FIG. 45.4. Chondroid chordoma of the sella. A 22-year-old female with irregular menses. The imaging was initially interpreted as 
an adenoma. (A) MRI sagittal T1-weighted image demonstrates a heterogeneous mass of the sella with foci of increased signal which 
may represent hemorrhage or calcifi cation. (B) MRI coronal T2-weighted image: the sellar and slightly suprasellar mass is heterogene-
ous but primarily isointense to cortex. (C) MRI coronal T1-weighted image with contrast. (D) Coronal T1-weighted 3D-SPGR (spoiled 
gradient echo) image post-contrast demonstrates heterogeneous but intense enhancement of the sellar lesion which extends to the 
suprasellar region anterior to the optic chiasm and involves the intracranial segment of the left optic nerve.

A B

FIG. 45.5. Chondroid chordoma. (A) MRI axial T1-weighted 
image without contrast demonstrates the large mass in the region 
of the cavernous sinus, isointense to brain with partial encase-
ment of the carotid artery. (B) MRI axial T2-weighted image 
shows the hyperintense lesion. Courtesy of Steven P. Meyers MD, 
University of Rochester, Rochester, New York.
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provide good tumor control and acceptable rates of compli-
cation [47–49]. Radiation is more effective when given after 
surgery rather than after tumor recurrence and its effective-
ness has been related to the volume of residual tumor [44]. 
Gamma knife has been used as adjunctive therapy, but lim-
ited experience does not permit meaningful conclusions 
[50,51]. The same is true of brachytherapy with implanta-
tion of I-125 seeds [52,53]. Chemotherapy generally plays no 
role in the initial treatment of chordomas. The role of che-
motherapy is in patients with metastatic disease and locally 
advanced recurrent disease, where systemic palliative ther-
apy that includes thalidomide retards disease progression 
[54]. Imatinib mesylate has been found to have antitumor 
activity in patients with chordomas [55]. Local relapse is the 
predominant type of treatment failure seen in up to 95% of 
treatment failures, with surgical pathway recurrence and 
metastatic disease also possible [56]. Metastatic disease has 
been reported in 7–14% of cases with metastases to bone 
and lungs being most common and lymph node, brain and 
abdominal visceral involvement reported [56–58]. In the 

largest series of chordomas by McMaster et al, the median 
survival for all races, genders and locations was 6.29 years. 
Median survival was longer for females (7.25 years) than for 
males (5.93 years), but this was not statistically signifi cant 
[2]. Other studies, however, have suggested that female gen-
der, as well as tumor necrosis of greater than 10% in biopsy 
specimens and tumor volume of greater than 70 ml, are 
independent predictors of shortened survival after radia-
tion therapy [59]. In the McMaster series, median survival 
was higher for cranial chordomas (6.94 years) compared to 
spinal (5.88 years) and sacral (6.48 years), with median sur-
vival for females higher than males (7.70 years versus 6.42 
years) [2]. The overall 5-, 10- and 20-year survival rates were 
67.7%, 39.9% and 13.1% respectively [2]. Following local 
relapse 5-year survival has been reported as 5% [56].

CHONDROSARCOMA
Chondrosarcomas of the skull base are uncommon 

neoplasms that can resemble chordomas and, indeed, are 

A B C
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FIG. 45.6. Jugular fossa chondroid chordoma. A 22-year-old white male who presents to the emergency department complaining 
of a 3–4-day history of emesis, vertigo, headache and right eye central vision loss. (A) Axial temporal bone CT demonstrates erosion 
of the bony margins of the jugular foramen on the left. (B) Unenhanced axial CT image demonstrates a large, slightly hypodense, 
left posterior fossa mass, with scattered calcifi cations, that results in compression of the fourth ventricle and displacement of the fourth 
ventricle to the right. (C) CT after contrast, there is mild heterogeneous and primarily peripheral enhancement. (D) MRI sagittal unen-
hanced T1-weighted image shows the large, hypointense posterior fossa mass extending through the jugular foramen. (E) MRI axial 
fast spin-echo T2-weighted image shows the large, multilobulated, heterogeneous high T2 signal lesion in the posterior fossa with 
septations of low signal. (F) Post-contrast axial T1-weighted image and (G) sagittal post-contrast T1-weighted image demonstrate the 
heterogeneous, honeycomb enhancement of the lesion, typical of chordomas.



frequently misdiagnosed as such. In the largest review of 
200 skull base chondrosarcomas by Rosenberg et al, in 
some 37% of lesions diagnosed as chordomas at other insti-
tutions, the diagnosis was changed to chondrosarcoma [60]. 
They are malignant tumors that produce cartilage matrix. 
Primary chondrosarcomas arise de novo, whereas second-
ary chondrosarcomas arise from pre-existing lesions such 
as Paget’s, enchondromas, osteochondromas, etc. Overall, 
they are the third most common primary malignant bone 
tumor after multiple myeloma and osteosarcoma, and rep-
resent 20–27% of all primary malignant bone tumors [61]. 
Craniofacial chondrosarcomas represent 2% of all chon -
drosarcomas and have a predilection for skull base [61]. 
Only 6% of skull base tumors are chondrosarcomas, with 
chordomas being more common skull base tumors [61]. 
Unlike chordomas, which tend to be midline lesions, the 
majority of chondrosarcomas occur off midline with 6% 
of the tumors arising in the sphenoethmoid complex, 28% 
originating in the clivus (Figure 45.7) and 66% occurring 
in the temporo-occipital junction (Figure 45.8) [60,62]. 
The mean age of presentation is 39 years of age, which is 

younger than for chordomas. They are slightly more com-
mon in females with a female to male ratio of 1.3:1 [60].

Pathology
Histologically, the majority of skull base chondro-

sarcomas (63%) are mixed hyaline and myxoid tumors, 
with 29.5% being pure myxoid and 7.5% classifi ed as hya-
line chondrosarcomas [60]. The myxoid cartilage is the 
component that causes diagnostic confusion with chor-
doma. Myxoid chondrosarcomas can be distinguished 
from chordoma on morphologic grounds because the neo-
plastic chondrocytes are relatively small, contain dimin-
ished amounts of cytoplasm and do not grow in cohesive 
groups, nests or sheets. Most tumors (50.5%) are grade I, 
28.5% mixed grades I and II, 21% pure grade II with grade 
III being uncommon, in fact 0% in Rosenberg’s study [60]. 
Chondrosarcomas are subclassifi ed into conventional or 
classic (hyaline/myxoid), dedifferentiated, clear cell, and 
mesenchymal subtypes. The conventional type of chond-
rosarcoma is the most common cartilage tumor to develop 
in the skull base and the least aggressive [60,63]. Typically, 
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FIG. 45.7. Conventional grade I chondrosarcoma. (A) Axial CT of the head with contrast with soft tissue window and (B) bone 
window demonstrates a heavily calcifi ed mass of the clivus with arcuate and ring-shaped mineralization classic for a chondrosarcoma. 
(C) Sagittal T1-weighted and (D) axial T1-weighted images, both without contrast, demonstrate a large hypodense and slightly het-
erogeneous mass of the clivus causing compression of the brainstem. (E) Axial T2-weighted image demonstrates the mass to be hyper-
intense but heterogeneous with areas of low signal caused by matrix mineralization, fi brocartilaginous elements or both. (F) Axial 
T1-weighted image post-contrast demonstrates intense but heterogeneous enhancement. Courtesy of Robert Tarr MD, Case Western 
Reserve University, Cleveland, Ohio.
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low-grade chondrosarcomas may undergo dedifferentiation 
and become highly malignant tumors with a poor prognosis 
[64]. They almost always (98.9%) stain for S-100 protein and 
do not stain for keratin. Faint staining for epithelial mem-
brane antigen can be seen in a minority of cases [60].

Clinical
The presenting symptoms of chondrosarcomas are 

similar to those of chordomas previously described and 
include hearing loss, pulsatile tinnitus, vertigo, headache, 
diplopia due to cranial nerve palsies of cranial nerves III, IV 
and VI, facial pain and paresthesias due to cranial nerve V 
palsy and facial spasm or facial paresis due to cranial nerve 
VII involvement to name a few [65].

Imaging
Imaging, unfortunately, is non-specifi c and generally 

unable to distinguish between chordomas and chondro-
sarcomas [66]. On CT, chondrosarcomas frequently contain 
matrix calcifi cations or sequestered bony fragments (see 
Figures 45.7A,B). Matrix mineralization is seen in 44–80% 
of cases [62,67]. Matrix calcifi cation may demonstrate the 
typical chondroid pattern of ring, arc or snowfl ake-like 
foci. Peripheral eggshell-like calcifi cation has also been 

described. Extensive chondroid calcifi cation tends to occur 
in lower grade classic chondrosarcomas [63,68]. On unen-
hanced CT, the masses may be of increased or decreased 
density relative to brain parenchyma and may mildly or 
moderately enhance [66]. On MRI, chondrosarcomas are 
of low to intermediate signal on T1 (see Figures 45.7C,D 
and 45.8A) and high signal on T2 with heterogeneous sig-
nal noted in 59% caused by matrix mineralization, fi brocar-
tilaginous elements or both (see Figures 45.7E and 45.8B). 
The margins tend to be multilobulated and well defi ned. 
Contrast enhancement is noted in 100% and is heterogene-
ous in 73% (see Figure 45.7F) [62].

Treatment
The goal of surgery is complete resection [69]; how-

ever, gross total removal is only achieved in a small per-
centage due to tumor location and frequent involvement 
of adjacent critical structures such as the cavernous sinus, 
carotid and basilar arteries, optic chiasm, etc [60]. Surgery 
combined with proton beam irradiation can yield excellent 
results with 5- and 10-year progression-free survival rates 
of 70% and 45% respectively compared to 5- and 10-year 
survival rates of chordoma, which have been reported to 
be approximately 51% and 35% respectively, despite simi-
lar aggressive management. Rosenberg et al reported using 
high-dose postoperative fractionated precision radiation 
therapy, combining conformal megavoltage and charged 
particle irradiation using the 160-MeV proton beam, with 
a median dose of 72.1 Cobalt-Gray-equivalent, given in 
38 fractions [60].

OTHER SKULL BASE TUMORS
Malignant tumors outnumber benign ones at the skull 

base and metastases are more common than primary 
tumors [60]. Of the primary tumors, an overwhelming 
majority are chordomas and chondrosarcomas [60]. Besides 
chordoma and chondrosarcoma, there are many other 
tumors that have been reported to involve the skull base 
and that should be considered. These include meningioma, 
metastasis, invasive adenoma, craniopharyngioma, glomus 
tumors, plasmacytoma, lymphoma, giant cell tumor, 
nasopharyngeal carcinoma, eosinophilic granuloma, rhab-
domyosarcoma, adenoid cystic carcinoma, benign fi brous 
histiocytoma, chondroblastoma, ameloblastoma, chon-
droma, osteogenic sarcoma and enchondroma [70].

A B

FIG. 45.8. Conventional grade I chondrosarcoma. (A) MRI 
sagittal T1-weighted image demonstrates a lobulated hypointense 
mass of the clivus, extending into the sphenoid sinus. (B) Axial 
T2-weighted image shows the mass is heterogeneous, hyperin-
tense and encasing the left carotid artery. Courtesy of Steven P. 
Meyers MD, University of Rochester, Rochester, New York.
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INTRODUCTION
The most common type of solid tumor among children 

is the pediatric brain tumor, which is the second most fre-
quent childhood malignancy after leukemia, and the lead-
ing cause of death from solid tumors in this population [1]. 
About 9% of the brain tumors reported to the Central Brain 
Tumor Registry of the USA (CBTRUS) between 1998 and 
2002 occurred in persons younger than 20 [2]. Among chil-
dren aged 0–19, the prevalence rate for all primary brain and 
central nervous system tumors was roughly 9.5 per 100 000, 
with an estimated 26 000 children living with this diagnosis 
in the USA in 2000; the incidence rate was 29.1 cases per 
1 000 000 from 1996 to 2003 [2,3].

Our ability to reach an accurate preoperative diagno-
sis of the pediatric brain tumor hinges largely on magnetic 
resonance imaging (MRI), which is the ideal modality for 
defi ning tumor extent, developing an effective treatment 
plan and implementing image-guided therapies involving 
surgery, radiotherapy and chemotherapy. Indeed, because 
of MRI’s unique multiplanar capability, its ability to provide 
detailed structural and anatomical information and its abil-
ity to produce images of superior resolution, MRI is unri-
valled as a superior diagnostic tool [4]. It is also the central 
modality for tumor follow-up including tumor response, 
progression and treatment effects. Craniospinal MR with 
gadolinium is the modality of choice for detection of tumor 
dissemination in the CSF pathways [5]. CT is used for the 
assessment of calcifi cation and cortical bony involve-
ment, especially in lesions such as craniopharyngioma and 
orbital, nasosinus, petrous temporal, skull base and cra-
nial calvarial lesions. Other imaging procedures that aid in 
localization and in guiding surgical and radiation therapy 
include stereotactic MR and CT, the open magnet and intra-
operative sonography. Image fusion with reconstructions is 
used for stereotaxis, radiosurgery, stereotactic radiotherapy 
and image-guided surgery.

Functional assessment of the brain can be performed 
using modalities such as single-photon emission computed 
tomography (SPECT) and positron emission tomography 
(PET). Depending on the type of tracer used, PET and SPECT 
are also used to assess metabolic activity in brain tumors 

and are useful in distinguishing tumor from radiation necro-
sis or scar [6].

Using advanced MR techniques, such as magnetic res-
onance perfusion imaging, MR diffusion imaging and mag-
netic resonance spectroscopy (MRS), further characterizes 
the hemodynamics, cellularity and metabolism of any sus-
pected malignancies.

The ability of these advanced MR techniques, separately 
and in combination, to elucidate the physiologic character-
istics of pediatric tumors is proving essential in reaching 
accurate and timely diagnoses, developing effective post-
surgical treatment plans and in implementing regular and 
responsive follow-up. MR perfusion imaging, MR diffusion 
imaging and MR spectroscopy are described briefl y below. 
They were also reviewed in a recent article [7] and are cov-
ered in depth by other contributors to this book.

MR perfusion imaging is used to evaluate cerebral per-
fusion dynamics by analysis of the hemodynamic param-
eters of relative cerebral blood volume, relative cerebral 
blood fl ow and mean transit time. The techniques used to 
perform perfusion imaging include T2*-weighted dynamic 
susceptibility, arterial spin labeling techniques and T1-
weighted dynamic contrast-enhanced perfusion techniques 
[7]. MR perfusion can be used for preoperative tumor grad-
ing, evaluating tumor margins and distinguishing radiation 
necrosis versus tumor recurrence.

MR diffusion imaging using predominately echopla-
nar techniques has also been useful in characterizing tissue 
and tumor cellularity, in gauging tumor response to treat-
ment [8], in grading tumor and in distinguishing tissue types 
[9–12]. Diffusion tensor imaging (DTI) provides visualization 
of fi ber bundle direction and integrity with in vivo charac-
terization of the rate and direction of white matter diffusion 
useful for presurgical planning or coregistration of tractog-
raphy data with radiosurgical planning and functional MR 
data [13]. Moreover, fractional anisotropy using DTI may 
prove helpful in assessing treatment-induced white matter 
changes in children [14,15].

Proton nuclear magnetic resonance spectroscopy – 
1H-NMRS, a non-invasive in vivo technique that provides 
additional metabolic diagnostic indices beyond anatomic 
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information, has been extensively used to evaluate brain 
tumors. Specifi cally, it enables the radiologist to identify 
tumor tissue, to grade tumors, to differentiate tumor types, 
to distinguish active tumor from radiation necrosis or scar 
tissue, to guide stereotactic biopsy sites and to determine 
early response to treatment [7].

SPECIFIC PEDIATRIC BRAIN TUMORS
Tumors such as meningiomas, schwann-cell tumors, 

metastases from outside the brain and pituitary tumors 
rarely present in children, but are commonly found in 
adults [16]. In children, the vast majority of brain tumors 
are primary CNS lesions [17]. Pediatric brain tumors are 
typically classifi ed pathologically or by location; classifi ca-
tion by location helps limit the differential diagnosis. In this 
chapter, tumors of the cerebral hemispheres, posterior fossa 
tumors, sellar and suprasellar tumors and parameningeal 
tumors will be classifi ed by location. Pineal region tumors 
will be covered elsewhere in this book (see Chapter 44).

Tumors of the Cerebral Hemispheres
Astrocytomas

Gliomas account for 56% of all tumors and 67% of malig-
nant tumors in children aged 0–14 [2]. The World Health 
Organization (WHO) has classifi ed four basic glial tumors: 
pilocytic astrocytoma; diffuse astrocytoma; anaplastic astro-
cytoma and glioblastoma multiforme for which there is a 
parallel grading system (I–IV) that defi nes the microscopic 
appearance of each tumor [18].

Pilocytic astrocytomas are typically well-demarcated 
with the T2 signal abnormality matching the amount of 
gadolinium enhancement, occasionally presenting with an 
associated cyst. Higher grades of malignancy are usually 
heterogeneous in signal intensity with ill-defi ned margins, 
edema, hemorrhage, necrosis, mass effect and irregular 
enhancement (Figure 46.1A–C).

Perfusion studies in adults and children have measured 
the relative cerebral blood volume (rCBV) in the assessment 
of glioma grade and have demonstrated that low-grade 
astrocytomas have a signifi cantly lower average rCBV than 
high-grade astrocytomas, such as anaplastic astrocytomas 
or glioblastoma multiforme [19–25]. One of the pitfalls of 
perfusion imaging in children is that pilocytic astrocyto-
mas can have a high blood volume that mimics high-grade 
tumors on perfusion imaging alone [26].

Diffusion imaging studies in astrocytomas have dem-
onstrated a signifi cant negative correlation between appar-
ent diffusion coeffi cient (ADC) values and WHO astrocytic 
tumor grades for tumor grades II through IV [27]. Moreover, 
ADC values have been found to correlate inversely with 
tumor cellularity (see Figure 46.1D) [9].

MR spectroscopy is uniquely able to measure the 
higher choline (Cho) to creatine (Cr) ratio that is charac-
teristic of high-grade gliomas; MRS has thus shown great 

utility in distinguishing high-grade gliomas from low-grade 
gliomas [28] and has enhanced overall diagnostic accuracy. 
Along these same lines, Tzika et al have examined normal-
ized choline and lipids as the physiologic characteristic 
that distinguishes high-grade from low-grade tumors in 
children [29].

Supratentorial PNET Tumors
Supratentorial primitive neuroectodermal tumors 

(PNET) are found in younger children with a mean age of 
5 years [18]. These tumors are often large and sharply demar-
cated, may be solid and homogeneous, or can be hetero-
geneous with cyst, calcifi cation or hemorrhage on CT and 
MRI [30]. Frequently, calcifi cation is seen on CT. Following 
contrast, there is heterogeneous enhancement. These tumors 
can occur in either the cerebral hemispheres or lateral 

A B

C D

FIG. 46.1. Supratentorial glioblastoma multiforme in a15-year-
old boy with seizures. (A) Axial T2 MR image demonstrates hetero-
geneous mass within left frontal lobe with extensive surrounding 
edema. (B and C) Axial and coronal T1 image with gadolinium 
demonstrates heterogeneous enhancing tumor. (D) Axial diffusion 
ADC (apparent diffusion coeffi cient) map demonstrates restricted 
diffusion (arrow) in the solid component of the mass.



ventricles (Figure 46.2). The differential diagnosis of supra-
tentorial tumors similar to PNET includes other large hetero-
geneous tumors such as atypical teratoid/rhabdoid tumors 
and ependymoma.

Supratentorial Ependymoma
Supratentorial ependymomas represent 40% of all 

ependymomas. These tumors typically occur in children 
younger than 5 years. On CT, these tumors are heterogeneous 
with calcifi cation and cyst formation. On MR imaging, these 
tumors are heterogeneous containing cysts, calcifi cation 
and occasional hemorrhage [31]; they usually demonstrate 
irregular, heterogeneous enhancement with gadolinium.

Subependymal Giant Cell Tumor (SEGA)
Tuberous sclerosis (TS), an autosomal dominant multi-

system disease linked to chromosomes 9 and 16, is caused 

by a mutation of the TSC1 and TSC2 genes that encode 
for hamartin and tuberin proteins, respectively [32,33]. 
Neuroimaging fi ndings include subependymal and cortical 
tubers, white matter lesions and subependymal giant cell 
astrocytomas [34,35]. Subependymal giant cell tumors are 
of mixed glioneuronal lineage associated with subependy-
mal nodules that have symptoms such as hydrocephalus, 
interval growth or papilledema. These tumors are seen in 
approximately 10% of patients with TS [34]. They arise from 
the lateral ventricle near the foramen of Monro and present 
with obstructive hydrocephalus between the ages of 10 and 
30 [36]. These tumors are often calcifi ed on CT; on MR, they 
are hypointense or isointense on T1-weighted images and 
are isointense to hyperintense on T2-weighted sequences. 
Following contrast, these tumors uniformly enhance, and 
are often associated with, subependymal nodules and cor-
tical tubers (Figure 46.3).
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A B C

FIG. 46.2. Supratentorial PNET in a 3-year-old boy with headache, nausea and vomiting. (A) CT image demonstrates large right 
parietal heterogeneous dense mass. (B) Axial T2 MR image demonstrates heterogeneous T2 signal within the mass. (C) Axial T1 MR 
image before gadolinium shows small areas of bright T1 signal consistent with foci of hemorrhage.

A B C

FIG. 46.3. Tuberous sclerosis and 
subependymal giant cell astrocytoma. 
(A) Axial FLAIR MR image demon-
strates multiple calcifi ed cortical tubers 
and hyperintense mass at the right 
foramen of Monro. (B) Axial T1 MR 
image with gadolinium demonstrates 
enhancing subependymal giant cell 
astrocytoma at the right foramen of 
Monro. (C) Axial T2 MR image shows 
hypointense calcifi ed cortical tubers 
and bilateral subependymal nodules.
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Neuronal and Mixed Neuronal-glial Tumors
These tumors are characterized by neuronal and glial 

differentiation. Tumors in this category include ganglio-
cytoma, ganglioglioma, dysembryoplastic neuroepithelial 
tumor (DNET), central neurocytoma, paraganglioma and 
cerebellar liponeurocytoma [18].

Dysembryoplastic Neuroepithelial Tumor (DNET)

DNET is a benign tumor associated with intractable, 
partial complex seizures occurring in children and young 
adults. These tumors are located either cortically or 
supratentorially and are often associated with cortical dys-
plasias occurring most commonly in the temporal and fron-
tal lobes [37]. On CT, the tumor is typically hypodense with 
minimal or absent enhancement. On MRI, the lesion is well-
circumscribed; it is hypointense on T1-weighted images and 
hyperintense on T2-weighted images without surrounding 
edema and with minimal enhancement (Figure 46.4). There 
may be remodeling of the calvarium.

Choroid Plexus Tumors
The most common types of choroid plexus tumors in 

childhood are choroid plexus papilloma and choroid plexus 
carcinoma. Choroid plexus tumors represent 2–4% of brain 
tumors in children [18].

Choroid Plexus Papilloma

Choroid plexus papillomas are intraventricular tumors 
that are well-circumscribed. In children, these tumors arise 
in the lateral ventricle, often the trigone, whereas, in adults, 
they are found in the fourth ventricle. Choroid plexus pap-
illomas are lobulated in appearance and are associated 
with hydrocephalus often containing punctate regions 
of calcifi cation, hemorrhage and vascular fl ow voids. The 
hydrocephalus may arise from CSF overproduction and/or 
obstruction. Imaging features on CT include a lobulated 
intraventricular mass with calcifi cation and homogeneously 
intense enhancement. MRI features include T1 isointense 
to hypointense signal with T2 hypointensity and intense 

contrast enhancement (Figure 46.5). On MR spectroscopy, 
these tumors exhibited a signifi cantly higher level of the 
metabolite, myo-inositol, low creatine and decreased choline 
when compared to choroid plexus carcinomas [38,39].

Choroid Plexus Carcinoma

Choroid plexus carcinomas represent 20–40% of choroid 
plexus tumors. They are heterogeneous on MRI, extend 
beyond the margin of the ventricle and are associated with 
edema and mass effect (Figure 46.6). Both choroid plexus 
papilloma and carcinoma can seed the CSF pathways.

A B C

FIG. 46.4. Dysembryoplastic neuro- 
epithelial tumor in an 11-year-old boy 
with seizures. (A and B) Axial FLAIR 
and T2 MR image demonstrates sharply 
circumscribed, non-enhancing, multi-
septated hyperintense mass extending 
to the cortex of the right temporal lobe. 
(C) Axial T1 image with gadolinium 
shows the tumor does not enhance.

FIG. 46.5. Choroid plexus papilloma in a 7-month-old boy 
with irritability, nausea and vomiting. Axial MR image with gado-
linium shows large intraventricular lobulated mass in left lateral 
ventricle with intense enhancement. There is moderate enlarge-
ment of the lateral and third ventricles.



On MR spectroscopy, choroid plexus carcinomas have 
elevated choline levels compared to choroid plexus papil-
lomas and lower creatine and creatine/total choline ratios 
than other pediatric brain tumors [38,39].

Posterior Fossa Tumors
The common posterior fossa tumors of childhood 

include medulloblastoma, cerebellar astrocytoma, brain-
stem glioma and ependymoma. Less frequent posterior 
fossa tumors include atypical teratoid/rhabdoid tumors, 
hemangioblastoma, dermoid-epidermoid tumors, acous-
tic schwannomas, meningioma, teratoma and skull base 
tumors. Skull base tumors such as carcinoma, metastasis, 
sarcomas, histiocytosis, chordoma and paraganglioma may 
invade the posterior fossa [40]. Presenting symptoms include 
head tilt, cranial nerve palsies, ataxia, headache, nausea and 
vomiting.

Medulloblastoma
Medulloblastoma is the most common tumor of the 

posterior fossa in childhood, representing 15–20% of brain 
tumors in children and 30–40% of posterior fossa neoplasms 
[40]. Medulloblastomas usually arise in the midline within 
the vermis with growth into the fourth ventricle [41–46]. This 
differs from adults and older children in which the tumor 

is found laterally in the cerebellar hemispheres [42,47]. 
On CT, the tumor is typically characterized as hyperdense 
and on MRI, the tumor is viewed on T1-weighted images 
as hypointense and on T2-weighted images as hypoin-
tense to gray matter [43]. Homogeneous enhancement is 
usually seen following gadolinium administration (Figure 
46.7). To identify leptomeningeal enhancement and seed-
ing, the entire craniospinal axis must be screened (Figure 
46.8). On diffusion MR imaging, these tumors demonstrate 
restricted diffusion due to high cellularity within the tumor 
(Figure 46.7C) [48]. In addition, MR spectroscopy of untreated 
pediatric brain tumors has demonstrated a signifi cantly ele-
vated taurine concentration when compared to other tumors 
[39,49,50]. Creatine/choline and N-acetylaspartate to choline 
ratios have been used to differentiate between normal cer-
ebellar tissue and posterior fossa tumors such as PNET, 
ependymoma and juvenile pilocytic astrocytomas [51].

Cerebellar Astrocytomas
Cerebellar astrocytoma, one of the most common pos-

terior fossa tumors (second only to medulloblastoma), is 
often diagnosed as a juvenile pilocytic astrocytoma with 
excellent survival after gross total surgical resection [52–54]. 
Cerebellar astrocytomas can occur in the midline or in the 
cerebellar hemispheres. These tumors are often associated 

A B C
FIG. 46.6. Choroid plexus car-
cinoma in a 5-month-old with nau-
sea, vomiting, lethargy and apnea. 
(A) Axial T2 MR image demonstrates 
hypointense mass centered in the trig-
one of the left lateral ventricle with 
extensive surrounding edema in the 
adjacent white matter. (B and C) Axial 
and coronal T1 MR images with gado-
linium demonstrate enhancing mass in 
the left trigone of the lateral ventricle.

A B C

FIG. 46.7. Medulloblastoma. (A) 
Axial T2 MR image shows hypointense 
mass in fourth ventricle. (B) Axial dif-
fusion MR images of medulloblastoma 
shows restricted diffusion in mass. 
(C) Sagittal T1 MR image with gado-
linium shows enhancing fourth ven-
tricular mass.
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with hydrocephalus due to compression of the aqueduct or 
fourth ventricle. The classic appearance is a cerebellar mass 
consisting of a large cyst with a solid tumor nodule. However, 
the imaging spectrum of appearances may include cystic, 
solid, or a mix of cystic and solid presentations. Macrocysts 
or microcysts can form and the tumor can be grossly cystic 
or solid. On CT and MR, a cyst with enhancement of the 
solid nodular component is typically found (Figure 46.9).

The solid, enhancing component of cerebellar pilocytic 
astrocytomas has greater ADC values than other pediatric 
cerebellar tumors such as ependymoma, rhabdoid tumor 
and medulloblastoma [48].

MR spectrosopy of these tumors has demonstrated high 
lactate concentrations and consistently high choline con-
tent and choline/NAA and choline/creatine ratios despite 
the benign clinical course of this tumor type [55].

Brainstem Tumors
Brainstem tumors represent 10–20% of all CNS tumors 

in childhood. These tumors can be categorized as diffuse 
and focal.

Pontine Tumors

Patients with diffuse pontine gliomas commonly present 
with multiple cranial nerve palsies, long tract signs and ataxia 
[56,57]. Typically, these tumors can cause the pons to expand 
by more than 50% and can infi ltrate into the medulla or mid-
brain. Diagnosis is based on the characteristic changes on 
MR imaging of diffuse, T2-weighted, hyperintense expansion 
of the brainstem without biopsy. Despite multiple treatment 
approaches, the prognosis is poor with long-term survival 
�10% [58]. From a pathological standpoint, these tumors 
represent high-grade lesions. On CT, these tumors are of low 
density or isodense. On MRI, they are typically isointense to 
hypointense on T1-weighted images and are hyperintense 
on T2 images. Enhancement is usually absent or minimal 
(Figure 46.10). Calcifi cation and hemorrhage within the 
tumor is rare.

Using multivoxel MR spectroscopy, Laprie et al followed 
eight patients with diffuse pontine glioma after radiother-
apy (RT) [59]. Spectroscopy in these tumors was evaluated 
before RT, at response and at recurrence. Cho:NAA and 
Cho:Cr values within the imaging abnormalities were 

A B C D

FIG. 46.8. Medulloblastoma with spinal leptomeningeal seeding. (A and B) Axial and coronal T1 MR images with gadolinium 
show enhancing posterior fossa mass. (C and D) Sagittal T1 MR images with gadolinium show spinal leptomeningeal seeding.

A B C

FIG. 46.9. Posterior fossa juvenile 
pilocytic astrocytoma. (A) Axial T2 
MR image of hyperintense mass in 
posterior fossa with hydrocephalus. 
(B and C) Axial and coronal T1 MR 
images show enhancing tumor nod-
ule with cysts within the tumor.



signifi cantly higher than the mean values in normal-appear-
ing regions. Cho:NAA values decreased in studies performed 
from diagnosis to the time of response to RT, followed by an 
increase at the time of relapse. In another study, two pediat-
ric patients with diffuse pontine tumors improved clinically 
following radiotherapy; however, MR spectroscopy showed 
an overall increase in Cho/Cr and Cho/NAA ratios indi-
cating tumor progression [50]. Unfortunately, the disease 
progressed in both patients. Each study demonstrates the 
potential utility of MR spectroscopy in determining tumor 
response or failure to therapy.

MR diffusion tensor imaging of brainstem gliomas has 
been reported by Helton et al [51]. This technique can pro-
vide visualization and quantifi cation of tumor involvement 
in the brainstem by measuring the degree to which the 
tumor has invaded white matter tracts. They found that: (1) 
the corticospinal tracts and transverse pontine fi bers were 
more affected than the medial lemnisci; and (2) fractional 
anisotropy and the apparent diffusion coeffi cient was sig-
nifi cantly (P � .05) altered in the tracts of all patients with 
pontine tumors compared to control groups.

FDG-PET, along with MR fi ndings in a study of 20 pedi-
atric patients with brainstem glioma, helped to differenti-
ate between anaplastic astrocytomas and glioblastomas 
among high-grade tumors. Glioblastomas demonstrated 
hypermetabolic or hypometabolic lesions and anaplastic 
astrocytomas showed no metabolic change or hypometa-
bolic lesions [52].

Focal pontine gliomas are uncommon, representing 
5–10% of brainstem gliomas [58]. They may have an exo-
phytic component [63]. These tumors also demonstrate 
marked enhancement and have a better prognosis than dif-
fuse pontine gliomas [64].

Medullary Tumors

Cervicomedullary astrocytomas are a unique group of 
brainstem tumors with a good prognosis when compared 
to the diffuse pontine group of brainstem gliomas [65,66]. 
On CT, these tumors are isodense; on MRI, these tumors are 
isointense on T1-weighted images and are hyperintense on 

T2-weighted images. They are typically well circumscribed, 
often demonstrate enhancement and are described patho-
logically as pilocytic astrocytomas (Figure 46.11) [67]. These 
tumors likely originate in the upper cervical cord and grow 
upward toward the obex into the medulla and are dorsally 
exophytic[68].

Diffuse medullary tumors are poorly defi ned lesions 
centered in the medulla that can extend into the pons or 
upper cervical cord and have a poorer prognosis than the 
dorsally exophytic type of tumor.

Midbrain Tumors

Tumors of the midbrain include focal and diffuse mid-
brain tumors and tectal tumors. The focal midbrain tumor 
has a better prognosis than the diffuse. Tectal tumors are 
a unique subset of tumors of the brainstem. These tumors 
are often low-grade pilocytic astrocytomas, present with 
obstructive hydrocephalus and usually do not require treat-
ment beyond CSF diversion such as third ventriculostomy. 
Before the advent of MRI, patients with this tumor were 

A B C

FIG. 46.10. Diffuse pontine 
glioma. (A) Sagittal T1 MR image 
shows expansile hypointense mass 
in the pons with mass effect on the 
fourth ventricle. (B) Axial T2 MR 
image shows encasement of the 
basilar artery and large hyperin-
tense pontine mass with mass effect 
on the fourth ventricle. (C) Axial T1 
MR image with gadolinium shows 
no enhancement within the mass.

A B

FIG. 46.11. Cervicomedullary astrocytoma. (A) Sagittal T2 
MR image demonstrates hyperintense cervicomedullary mass. 
(B) Axial T1 MR image with gadolinium shows mild enhance-
ment and tiny cysts posteriorly.
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frequently misdiagnosed as having aqueductal stenosis on 
CT. On MRI, the lesions are usually isointense on T1-weighted 
images and hyperintense on T2-weighted images without 
enhancement (Figure 46.12). Tumors larger than 2.5 cm in 
diameter with enhancement are signifi cant radiologic pre-
dictors of those patients who will need further treatment 
beyond CSF diversion [69]. In a study of 40 children with tec-
tal tumors, the only factor predictive of tumor enlargement 
was lesion volume at presentation (P � 0.002). Lesions with a 
volume less than 4 cm3 were likely to follow a benign course. 
All large lesions, defi ned as a volume greater than 10 cm3 at 
presentation, eventually required treatment [70].

Ependymomas
Ependymomas constitute 6–12% of all intracranial tumors 

in children and 8–15% of posterior fossa tumors in children 
[18]. They are the fourth most common posterior fossa tumor 
in children following medulloblastoma, cerebellar astrocytoma

and brainstem glioma. Ependymomas arise from ependymal 
cells lining the ventricles; they grow out of the fourth ventri-
cle via the foramina of Luschka and Magendie into the cis-
terna magna, basilar cisterns, cerebellopontine angles and 
through the foramen magnum into the upper cervical canal 
around the spinal cord. On CT, the tumor reveals mixed den-
sity with punctate calcifi cation in 50% of cases with variable 
enhancement. These tumors are heterogeneous on MRI, 
refl ecting a combination of solid component, cyst, calcifi ca-
tion, necrosis, edema or hemorrhage [71]. On T1-weighted 
images, ependymomas are usually hypointense; and on 
T2-weighted images, the mass is often isointense to gray 
matter with foci of dark T2 signal related to calcifi cation or 
blood, and foci of bright T2 signal related to cyst or necrosis 
within the tumor. Following contrast administration, there is 
heterogeneous enhancement in the tumor (Figure 46.13).

Atypical Teratoid/rhabdoid Tumors
Of all atypical teratoid/rhabdoid tumors, the majority 

(94%) are intra-axial, occurring in the infratentorial com-
ponent in 47% of cases [72]. The imaging features are iden-
tical to medulloblastoma, however, the prognosis is worse 
with a median survival rate with disseminated leptomenin-
geal tumor of 16 months (Figure 46.14) [73]. These tumors 
occur at a younger age, are predominately seen in females 
and have a propensity to seed [73]. At the molecular level, 
they are distinguished by mutation or deletion of both cop-
ies of the hSNF5/INI1 gene that maps to chromosome band 
22q11.2, and is observed in approximately 70% of primary 
tumors [74].

Sellar and Suprasellar Tumors
Sellar and suprasellar tumors in children include cranio-

pharyngioma, chiasmatic/hypothalamic glioma, hypotha-
lamic hamartoma, pituitary adenoma, germ cell tumors, 
Langerhans cell histiocytosis, Rathke’s cleft cysts, arachnoid 
cysts and dermoid/epidermoid cysts. The most common 
sellar and suprasellar tumors are craniopharyngioma and 
chiasmatic/hypothalamic glioma.FIG. 46.12. Tectal glioma. Sagittal T2 image shows expansile 

tectal mass (arrow) obstructing the aqueduct of Sylvius.

A B C

FIG. 46.13. Posterior fossa ependy-
moma. (A) Axial T2 MR image dem-
onstrates mass within fourth ventricle 
extending through the left foramen 
of Luschka. (B and C) Axial T1 MR 
images with gadolinium demonstrate 
heterogeneously enhancing fourth 
ventricular tumor extending through 
the left foramen of Luschka.



Craniopharygioma
Craniopharyngioma is a benign (WHO grade I) neo-

plasm arising in the suprasellar or intrasellar region. These 
tumors arise from remnants of Rathke’s pouch (i.e. the 
craniopharyngeal duct) and are composed of characteris-
tic squamous epithelium [75]. They represent 1–5% of all 
intracranial tumors and constitute 50% of the suprasellar 
tumors seen in childhood, and they have a bimodal dis-
tribution occurring in childhood, adolescence and older 
adults in their fi fties [76]. In children, the clinical presenta-
tion includes headache, visual fi eld defects, diplopia and 
short stature with occasional hydrocephalus and papill-
edema present. Classically, these are cystic tumors fi lled 
with a cholesterol-rich fl uid grossly resembling motor oil. 
The tumors are usually intrasellar, suprasellar or both.

Craniopharyngiomas can compress, envelop or infi l-
trate adjacent structures and produce a reactive gliosis, 
although they are histologically benign. Hetelekidis et al 
have demonstrated that if the tumor is greater than 5 cm, 
there is a greater likelihood of recurrence [77]. In many 
cases, surgical extirpation is diffi cult, and with a high rate 
of recurrence, adjuvant radiotherapy is often necessary. 
On CT, 90% of craniopharyngiomas are cystic and calcifi ed 
[78,79]. On MRI, these tumors have variable signal char-
acteristics depending on the contents of the cyst and the 
presence of calcium. On CT, the solid component of the 
tumor may be isodense or hypodense and on MRI, T1 iso-
intense to hypointense with T2 isointense to hyperintense. 
The calcifi ed component is of increased attenuation on CT 
and often T2 hypointense on MRI. The cystic component 
may be of high or low T1 intensity and T2 hyperintense. 
Following gadolinium administration, peripheral enhance-
ment of the cyst, as well as heterogeneous enhancement of 
the solid component, generally occurs (Figure 46.15).

Chiasmatic/Hypothalamic Gliomas
These tumors constitute 5% of pediatric intracranial 

tumors [80]. Chiasmatic/hypothalamic tumors are often 
low-grade fi brillary and pilocytic astrocytomas. Between 20 
and 50% of patients with chiasmatic/hypothalamic tumors 
have neurofi bromatosis type 1 (NF1). NF1 is the most com-
mon of the phakomatoses, inherited as an autosomal dom-
inant disorder localized on chromosome 17 with variable 
penetrance. Optic gliomas are the most common tumor of 
the CNS in NF1 [81]. These gliomas may involve any portion 
of the optic pathway including one or both optic nerves, the 
chiasm (Figure 46.16), tracts, the lateral geniculate bodies, 
or the optic radiations. Other intracranial lesions that may 
be seen in NF1 include vacuolization in the myelin (i.e. NF 
spots), plexiform neurofi bromas and other astrocytomas 
(Figure 46.17) [82]. The clinical presentation of optic gli-
oma is most often characterized by decreased visual acuity; 
though other symptoms including visual fi eld defects, optic 
atrophy, hydrocephalus, or hypothalamic dysfunction and 

A B
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FIG. 46.15. Craniopharyngioma. (A) Sagittal T1 MR image 
shows large sellar and suprasellar mass with bright T2 signal 
superiorly and small amount of hypointense signal inferiorly in 
the sella. (B) Axial T2 MR image shows predominantly hyperin-
tense mass in the suprasellar region. (C) Sagittal T1 MR image 
with gadolinium shows mild enhancement of the inferior solid 
component in the sella and peripheral enhancement of the supe-
rior cystic component. (D) Axial CT image shows stippled calcifi -
cation within the mass.
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FIG. 46.14. Posterior fossa rhabdoid tumor in a 20-month-old 
infant with left facial nerve paralysis. (A) Axial T2 MR image 
shows hypointense mass in left cerebellopontine angle cistern. 
(B) Axial T1 MR image with gadolinium shows enhancing left 
cerebellopontine angle mass.
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papilledema may be seen [83]. These lesions are usually 
T1-hypointense and T2-hyperintense with typically homo-
geneous gadolinium enhancement and, in large tumors, 
heterogeneous enhancement. MRI with fat suppression 
leads to optimal visualization of the optic pathways [84]. 
Spontaneous regression of optic gliomas in patients with 
and without NF1 has been reported [85].

Diencephalic syndrome is also commonly associ-
ated with hypothalamic/chiasmatic astrocytomas and 
may be the underlying cause of failure to thrive in infancy 
in a rare number of cases. Clinical characteristics include 
severe emaciation in the setting of normal linear growth. 
The tumors associated with this unusual syndrome are 
often larger in size, occur at a younger age and are more 
aggressive than those associated with other presentations 

(Figure 46.18). Despite low-grade histologic fi ndings, these 
tumors may seed throughout the CSF pathways [86]. This 
syndrome serves as a model for studying growth hormone 
resistance and metabolic regulation of adiposity [87].

Hypothalamic Hamartoma
Hypothalamic hamartomas are masses of mature 

ganglionic tissue, located between the pituitary stalk and 
mamillary bodies involving the region of the tuber cine-
reum. They do not demonstrate invasion or growth [88]. 
Often, the patients are male presenting with symptoms 
including precocious puberty, gelastic seizures, hyperactiv-
ity and developmental delay. On CT, there is a suprasellar 
mass, isodense with gray matter, non-calcifi ed, and rarely 
cystic. On MRI, a well-demarcated mass is present within 
or adjacent to, the tuber cinereum or mamillary bodies. The 
hamartomas are T1-isointense and T2-isointense to slightly 
hyperintense to gray matter without enhancement (Figure 
46.19). In a study using short-echo-time point-resolved 
spectroscopy (PRESS) sequences, Amstutz et al sampled 
hypothalamic hamartomas [89]. Sequences were used to 
compare choline (Cho), N-acetylaspartate (NAA) and myo-
inositol (mI) resonances by using a creatine (Cr) reference. 
Spectral ratios and T2 signal intensity ratios of the hamar-
tomas were then compared with histopathologic fi ndings. 
In 14 hypothalamic hamartomas, a spectrum of increased 
mI/Cr ratios was seen. Those tumors with markedly elevated 

A B

FIG. 46.16. Optic chiasm glioma in a 14 year old with NF1. 
(A) Sagittal T1 MR shows a thickened optic chiasm (arrow). (B) 
Axial T2 MR image shows thickened optic chiasm and NF spots 
in cerebellum.

A B

FIG. 46.17. An 18-year-old girl with NF-1, right facial plexi-
form neurofi broma and left cerebellar astrocytoma. (A) Axial 
FSEIR MR image demonstrates right facial plexiform neurofi broma 
(arrow). (B) Axial T1 MR image with gadolinium shows right cer-
ebellar pilocytic astrocytoma.

FIG. 46.18. Diencephalic syndrome. A 13-month-old girl with 
failure to thrive. Sagittal T1 MR image with gadolinium shows 
enhancing suprasellar mass.



mI/Cr demonstrated an increased glial component when 
compared with the remaining tumors. Increased glial com-
ponent was also found to have a positive correlation with 
hyperintensity of lesions on T2-weighted images [89].

Other studies have identifi ed a subgroup of patients 
with hypothalamic hamartoma and associated congeni-
tal anomalies including hypoplasia of the olfactory bulbs, 
absence of the pituitary gland, cardiac and renal anomalies, 
imperforate anus, craniofacial anomalies, syndactyly and a 
short metacarpal – clinical features characterizing the auto-
somal dominant Pallister-Hall syndrome [90,91].

Germ Cell Tumors
CNS germ cell tumors in childhood occur commonly 

in the suprasellar region and pineal region and may be ger-
minomas or non-germinomatous germ cell tumors. These 
patients may clinically present with central diabetes insipidus 
(DI), wasting, precocious puberty or growth failure. On imag-
ing, a mass may be seen involving the suprasellar region or 
there may be thickening of the infundibulum (Figure 46.20). 
On CT, these lesions are well-defi ned and slightly hyper-
dense. On MRI, they are T1 hypointense, T2 hypointense and 

markedly enhancing. CSF seeding is not uncommon. On 
occasion, there may be an associated pineal region germi-
noma, which may be metastatic or synchronous.

Suprasellar germinomas often present with central DI. 
On MRI, the normally seen posterior pituitary bright spot 
is absent [92]. The mechanism of central DI is thought to be 
the interruption of transport of the vasopressin neurosecre-
tory granules along the hypothalamic-neurohypophyseal 
pathway. Central DI and the absence of the posterior bright 
spot may precede other clinical and imaging features of 
hypothalmic tumor by months or years. Therefore, follow-
up MRI with gadolinium is recommended in all of these 
patients [93]. Other causes of pituitary stalk thickening 
include Langerhans histiocytosis, lymphocytic hypophysi-
tis and rare entities such as sarcoidosis and lymphoma.

Teratomas occur more often in the pineal region than in 
the suprasellar region. They are classifi ed as mature or imma-
ture depending on whether the tissue components resemble 
mature adult tissues or immature embryonic tissues. On CT 
and MRI, the mass often contains fat, bone or cartilage with 
heterogeneous density and intensity characteristics. These 
patients may present with precocious puberty.

Pituitary Adenomas
Pituitary adenomas are uncommon in childhood 

and represent less than 3% of all intracranial tumors [94]. 
The clinical presentation depends on tumor size, hormo-
nal activity and extrasellar extent. Pituitary adenomas are 
divided into hormonally active and inactive types, with 
the majority being hormonally active and most commonly 
prolactin-secreting. These lesions tend to occur in adoles-
cence; they are often microadenomas (�1 cm) and are most 
often prolactinomas (Figure 46.21). Macroadenomas are 
greater than 1 cm in diameter and are often prolactinomas 
in patients presenting with neuroendocrine symptoms, vis-
ual fi eld defi cits and headache. The majority of macroad-
enomas in adolescence are hemorrhagic and often occur in 
males [95].

On MRI, pituitary adenomas are T1 hypointense in the 
majority of cases. Less frequently, adenomas are T1 isoin-
tense or hyperintense [96]. On T2 images, adenomas are 
often hyperintense or isointense and macroadenomas are 

A B C

FIG. 46.20. Non-germinomatous 
germ cell tumor of suprasellar region 
in a 10-year-old girl with central dia-
betes insipidus. (A) Sagittal T1 MR 
image shows loss of posterior pitui-
tary bright spot (arrow). (B and C) 
Sagittal and coronal T1 image shows 
thickened enhancing infundibulum 
and sellar mass.

A B

FIG. 46.19. Hypothalamic hamartoma. (A) Sagittal T1 MR 
image shows hypointense hypothalamic mass (arrow). (B) Axial 
T2 MR image shows isointense hypothalamic mass (arrow).
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usually hyperintense [96]. Macroadenomas may invade the 
cavernous sinuses, extend superiorly into the suprasellar 
cistern and can compress the optic chiasm. Immediately 
following gadolinium administration, the lesion will be 
hypointense compared to the normal gland.

Langerhans’ Cell Histiocytosis
Systemic Langerhans’ cell histiocytosis may include 

involvement of the pituitary stalk and hypothalamus. These 
patients may present with diabetes insipidus; MRI shows 
loss of the normal posterior pituitary bright spot [97]. MRI 
may also demonstrate a solitary mass in the region of the 
median eminence of the pituitary stalk or thickening of the 
infundibulum. On CT, the mass is isodense and on MRI, 
the lesion is T1 isointense and T2 hyperintense. Following 
gadolinium administration, there is marked enhancement.

Parameningeal and Metastatic Tumors
Parameningeal tumors are extradural but contiguous 

with the CNS. They may arise from or involve the scalp, cra-
nial vault, cranial base, orbits, sinuses or pharynx, petrous 
temporal structures or soft tissues of the face or neck. The 
parameningeal neoplastic processes encountered in child-
hood include those of osseous, chondroid or myeloid (retic-
uloendothelial) origin, other mesenchymal origin tumors 
and those arising from notochordal elements including 
neuroblastoma, rhabdomyosarcoma, histiocytosis, plexi-
form neurofi broma, and angiofi broma (Figure 46.22) [98].

FIG. 46.21. Prolactinoma. Coronal T1 MR image with gado-
linium shows non-enhancing pituitary microadenoma (arrow).

A B C
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FIG. 46.22. Supratentorial extra- 
axial Ewing’s sarcoma. (A) Axial 
CT image demonstrates heteroge-
neously dense mass lesion in the 
left parietal lobe with scattered 
calcifi cation. (B) Axial CT bone 
window image demonstrates lytic 
destruction of the left parietal 
bone. (C) Axial T2 MR image 
demonstrates large heterogeneous 
extra-axial tumor compressing the 
left occipital lobe with mass effect 
on the left parietal lobe. (D) Axial 
MR diffusion ADC map demon-
strates restricted diffusion within 
the mass. (E) Axial T1 MR image 
with gadolinium demonstrates 
nodular heterogeneous enhance-
ment of the mass. (F) Axial T2* 
MR perfusion image demonstrates 
increased perfusion in central 
areas of the mass.



Metastatic disease to the brain is rare and, when present, 
is commonly leptomeningeal disease from a primary brain 
tumor. However, when brain metastases in childhood occur, 
they generally arise from sarcomas such as Ewing’s sarcoma 
and rhabdomyosarcoma [99].

CONCLUSION
With the introduction of MRI as a diagnostic tool in the 

1980s, radiological science in general, and neuroimaging 
in particular, has undergone spectacular change. As a non-
invasive modality that provides incredibly detailed struc-
tural, anatomic, metabolic and functional data without 
the potentially harmful effects of ionizing radiation, MRI 
has emerged as the imaging ‘gold standard’ for a host of 
diseases and anomalies, including pediatric brain tumors. 
Indeed, without the precise pre-, intra- and postopera-
tive images produced by MRI, the physician’s ability accu-
rately to detect, diagnose, treat and follow a wide range of 
malignancies affecting the CNS would still be at a most rudi-
mentary stage.

Most recently, MRI has proven an indispensible tool 
in implementing extremely sophisticated, technologically 
advanced surgeries that are executed under computer-
assisted image guidance. Because of MRI’s ability to achieve 
precise localization and targeting, brain tumor excision is 
now accomplished with exceptional accuracy and without 
causing damage to surrounding healthy tissue, which is of 
particular benefi t to the developing pediatric brain.

As ever faster and more effi cient image processing tech-
niques are deployed, conventional MRI and its imaging ‘off-
spring’, including MR perfusion imaging, MRS, diffusion 

imaging and DTI, are effecting rapid, ground-breaking change 
on the quality and kind of data that are generated. These 
techniques, when combined with other modalities such as 
CT, SPECT and PET, are resulting in: (1) more accurate and 
timely diagnoses; (2) interventions tailored to the individual 
needs of the patient; and (3) improved assessment of response 
to treatment.

Thus equipped with extremely detailed disease profi les, 
the entire medical team – from the diagnosing neuroradi-
ologist to the treating neurosurgeon and neuro-oncologist – 
are able to implement the most responsive and effective 
therapeutic interventions from the moment the tumor is 
detected to complete eradication or remission. In the near 
future, computer-assisted robotics should also play an 
important role in maximizing the utility of MRI and other 
imaging modalities. Of immediate benefi t is the practice of 
combining modalities to generate the most comprehensive 
‘picture’ of the tumor including accurate staging which, in 
turn, leads to successful surgical and postoperative out-
comes. In adopting the most effective treatment approach 
to pediatric brain tumors, the physician increasingly 
chooses MRI as the imaging foundation upon which sus-
pected malignancies are diagnosed and established malig-
nancies are evaluated.

In summary, this chapter aims to convey: (1) the over-
whelming advantages of MRI in treating pediatric brain 
tumors (especially when used in tandem with other modal-
ities); and (2) the MR imaging features that are unique to 
specifi c lesions affecting the CNS. An understanding of 
these two points should have an immediate and positive 
impact on ‘best practice’ in treating pediatric brain tumors 
and result in vastly improved patient outcomes.

REFERENCES

1. Gurney J, Smith M, Bunin G (1999). CNS and miscellaneous 
intracranial and intraspinal neoplasms. In Cancer Incidence 
and Survival among Children and Adolescents: United States 
SEER Program 1975–1995 NIH Publication No. 99–4649. Ries 
L, Smith M, Gurney J (eds). National Cancer Institute SEER 
Program, Bethesda. 51–63.

2. CBTRUS (2005). Statistical Report: Primary Brain Tumors in the 
United States, 1998–2002. Published by the Central Brain Tumor 
Registry of the United States.

3. Ries L, Harkins D, Krapcho M et al (2006). SEER Cancer Statistics 
Review, 1975–2003. National Cancer Institute, Bethesda.

4. Poussaint TY (2001). Magnetic resonance imaging of pediat-
ric brain tumors: state of the art. Top Magn Reson Imaging 
12:411–433.

5. Dunbar SF, Barnes PD, Tarbell NJ (1993). Radiologic determi-
nation of the caudal border of the spinal fi eld in cranial spinal 
irradiation. Int J Radiat Oncol Biol Phys 26:669–673.

6. Hustinx R, Alavi A (1999). SPECT and PET imaging of brain 
tumors. Neuroimaging Clin N Am 9:751–766.

 7. Poussaint TY, Rodriguez D (2006). Advanced neuroimaging of 
pediatric brain tumors: MR diffusion, MR perfusion, and MR 
spectroscopy. Neuroimaging Clin N Am 16:169–192, ix.

 8. Provenzale JM, Mukundan S, Barboriak DP (2006). Diffusion-
weighted and perfusion MR imaging for brain tumor charac-
terization and assessment of treatment response. Radiology 
239:632–649.

 9. Gauvain KM, McKinstry RC, Mukherjee P et al (2001). Evalu-
ating pediatric brain tumor cellularity with diffusion-tensor 
imaging. Am J Roentgenol 177:449–454.

10. Kono K, Inoue Y, Nakayama K et al (2001). The role of 
diffusion-weighted imaging in patients with brain tumors. Am 
J Neuroradiol 22:1081–1088.

11. Mardor Y, Roth Y, Lidar Z et al (2001). Monitoring response to 
convection-enhanced taxol delivery in brain tumor patients 
using diffusion-weighted magnetic resonance imaging. Cancer 
Res 61:4971–4973.

12. Ross BD, Chenevert TL, Rehemtulla A (2002). Magnetic reso-
nance imaging in cancer research. Eur J Cancer 38:2147–2156.

R E F E R E N C E S  •  481



482 C H A P T E R  4 6  •  P E D I AT R I C  B R A I N  T U M O R S

13. Witwer BP, Moftakhar R, Hasan KM et al (2002). Diffusion-
tensor imaging of white matter tracts in patients with cerebral 
neoplasm. J Neurosurg 97:568–575.

14. Khong PL, Kwong DL, Chan GC et al (2003). Diffusion-tensor 
imaging for the detection and quantifi cation of treatment-
induced white matter injury in children with medulloblas-
toma: a pilot study. Am J Neuroradiol 24:734–740.

15. Khong PL, Leung LH, Chan GC et al (2005). White matter ani-
sotropy in childhood medulloblastoma survivors: association 
with neurotoxicity risk factors. Radiology 236:647–652.

16. Pollack IF (1994). Brain tumors in children. New Engl J Med 
331:1500–1507.

17. Packer R, Pollack I (2000). Pediatric Brain Tumors, Brain 
Tumor Progress Review Group. National Cancer Institute, 
Bethesda.

18. Kleihues P, Cavenee WK (2000). World Health Organization 
Classifi cation of Tumours: Pathology and Genetics of Tumours 
of the Nervous System. IARC Press, Lyon.

19. Aronen HJ, Gazit IE, Louis DN et al (1994). Cerebral blood vol-
ume maps of gliomas: comparison with tumor grade and his-
tologic fi ndings. Radiology 191:41–51.

20. Fayed N, Modrego PJ (2005). The contribution of magnetic 
resonance spectroscopy and echoplanar perfusion-weighted 
MRI in the initial assessment of brain tumours. J Neuro-Oncol 
72:261–265.

21. Jackson A, Kassner A, Annesley-Williams D et al (2002). 
Abnormalities in the recirculation phase of contrast agent 
bolus passage in cerebral gliomas: comparison with relative 
blood volume and tumor grade. Am J Neuroradiol 23:7–14.

22. Knopp EA, Cha S, Johnson G et al (1999). Glial neoplasms: 
dynamic contrast-enhanced T2*-weighted MR imaging. 
Radiology 211:791–798.

23. Law M, Yang S, Wang H et al (2003). Glioma grading: sensitiv-
ity, specifi city, and predictive values of perfusion MR imaging 
and proton MR spectroscopic imaging compared with con-
ventional MR imaging. Am J Neuroradiol 24:1989–1998.

24. Sugahara T, Korogi Y, Kochi M et al (1998). Correlation of MR 
imaging-determined cerebral blood volume maps with histo-
logic and angiographic determination of vascularity of glio-
mas. Am J Roentgenol 171:1479–1486.

25. Sugahara T, Korogi Y, Kochi M et al (2001). Perfusion-
sensitive MR imaging of gliomas: comparison between 
gradient-echo and spin-echo echo-planar imaging tech-
niques. Am J Neuroradiol 22:1306–1315.

26. Ball WS Jr, Holland SK (2001). Perfusion imaging in the pediat-
ric patient. Magn Reson Imaging Clin N Am 9:207–230.

27. Yamasaki F, Kurisu K, Satoh K et al (2005). Apparent diffusion 
coeffi cient of human brain tumors at MR imaging. Radiology 
235:985–991.

28. Magalhaes A, Godfrey W, Shen Y et al (2005). Proton mag-
netic resonance spectroscopy of brain tumors correlated with 
pathology. Acad Radiol 12:51–57.

29. Tzika AA, Astrakas LG, Zarifi  MK et al (2003). Multiparametric MR 
assessment of pediatric brain tumors. Neuroradiology 45:1–10.

30. Figeroa RE, el Gammal T, Brooks BS et al (1989). MR fi nd-
ings on primitive neuroectodermal tumors. J Comput Assist 
Tomogr 13:773–778.

31. Furie DM, Provenzale JM (1995). Supratentorial ependy-
momas and subependymomas: CT and MR appearance. J 
Comput Assist Tomogr 19:518–526.

32. Haines JL, Short MP, Kwiatkowski DJ et al (1991). Localization 
of one gene for tuberous sclerosis within 9q32–9q34, and fur-
ther evidence for heterogeneity. Am J Hum Genet 49:764–772.

33. Kandt RS, Haines JL, Smith M et al (1992). Linkage of an 
important gene locus for tuberous sclerosis to a chromosome 
16 marker for polycystic kidney disease. Nat Genet 2:37–41.

34. Goh S, Butler W, Thiele EA (2004). Subependymal giant 
cell tumors in tuberous sclerosis complex. Neurology 63: 
1457–1461.

35. Mizuguchi M, Takashima S (2001). Neuropathology of tuber-
ous sclerosis. Brain Dev 23:508–515.

36. Houser OW, Gomez MR (1992). CT and MR imaging of intrac-
ranial tuberous sclerosis. J Dermatol 19:904–908.

37. Koeller KK, Dillon WP (1992). Dysembryoplastic neuroepithe-
lial tumors: MR appearance. Am J Neuroradiol 13:1319–1325.

38. Krieger MD, Panigrahy A, McComb JG et al (2005). 
Differentiation of choroid plexus tumors by advanced mag-
netic resonance spectroscopy. Neurosurg Focus 18:E4.

39. Panigrahy A, Krieger MD, Gonzalez-Gomez I et al (2006). 
Quantitative short echo time 1H-MR spectroscopy of untreated 
pediatric brain tumors: preoperative diagnosis and characteri-
zation. Am J Neuroradiol 27:560–572.

40. Barkovich A (2005) Pediatric Neuroimaging, 4th edn. Lippincott 
Williams & Wilkins, Philadelphia.

41. Bourgouin PM, Tampieri D, Grahovac SZ et al (1992). CT and 
MR imaging fi ndings in adults with cerebellar medulloblas-
toma: comparison with fi ndings in children. Am J Roentgenol 
159:609–612.

42. Koci TM, Chiang F, Mehringer CM et al (1993). Adult cerebel-
lar medulloblastoma: imaging features with emphasis on MR 
fi ndings. Am J Neuroradiol 14:929–939.

43. Meyers SP, Kemp SS, Tarr RW (1992). MR imaging features of 
medulloblastomas. Am J Roentgenol 158:859–865.

44. Rollins N, Mendelsohn D, Mulne A et al (1990). Recurrent 
medulloblastoma: frequency of tumor enhancement on Gd-
DTPA MR imaging. Am J Neuroradiol 11:583–587.

45. Zerbini C, Gelber RD, Weinberg D et al (1993). Prognostic fac-
tors in medulloblastoma, including DNA ploidy. J Clin Oncol 
11:616–622.

46. Kuhl J (1998). Modern treatment strategies in medulloblas-
toma. Childs Nerv Syst 14:2–5.

47. Maleci A, Cervoni L, Delfi ni R (1992). Medulloblastoma in chil-
dren and in adults: a comparative study. Acta Neurochirurg 
119:62–67.

48. Rumboldt Z, Camacho DL, Lake D et al (2006). Apparent dif-
fusion coeffi cients for differentiation of cerebellar tumors in 
children. Am J Neuroradiol 27:1362–1369.

49. Kovanlikaya A, Panigrahy A, Krieger MD et al (2005). 
Untreated pediatric primitive neuroectodermal tumor in 
vivo: quantitation of taurine with MR spectroscopy. Radiology 
236:1020–1025.

50. Tong Z, Yamaki T, Harada K et al (2004). In vivo quantifi ca-
tion of the metabolites in normal brain and brain tumors by 
proton MR spectroscopy using water as an internal standard. 
Magn Reson Imaging 22:1017–1024.

51. Wang Z, Sutton LN, Cnaan A et al (1995). Proton MR spec-
troscopy of pediatric cerebellar tumors. Am J Neuroradiol 
16:1821–1833.

52. Gjerris F, Klinken L (1978). Long-term prognosis in children 
with benign cerebellar astrocytoma. J Neurosurg 49:179–184.



53. Pencalet P, Maixner W, Sainte-Rose C et al (1999). Benign 
cerebellar astrocytomas in children. J Neurosurg 90:
265–273.

54. Campbell JW, Pollack IF (1996). Cerebellar astrocytomas in 
children. J Neuro-Oncol 28:223–231.

55. Hwang JH, Egnaczyk GF, Ballard E et al (1998). Proton MR 
spectroscopic characteristics of pediatric pilocytic astrocyto-
mas. Am J Neuroradiol 19:535–540.

56. Epstein F, Wisoff JH (1988). Intrinsic brainstem tumors in 
childhood: surgical indications. J Neuro-Oncol 6:309–317.

57. Littman P, Jarret P, Bilaniuk L et al (1980). Pediatric brainstem 
gliomas. Cancer 45: 2787–2792.

58. Freeman CR, Farmer JP (1998). Pediatric brain stem gliomas: 
a review. Int J Radiat Oncol Biol Phys 40:265–271.

59. Laprie A, Pirzkall A, Haas-Kogan DA et al (2005). Longitudinal 
multivoxel MR spectroscopy study of pediatric diffuse brain-
stem gliomas treated with radiotherapy. Int J Radiat Oncol 
Biol Phys 62:20–31.

60. Thakur SB, Karimi S, Dunkel IJ et al (2006). Longitudinal MR 
spectroscopic imaging of pediatric diffuse pontine tumors to 
assess tumor aggression and progression. Am J Neuroradiol 
27:806–809.

61. Helton KJ, Phillips NS, Khan RB et al (2006). Diffusion tensor 
imaging of tract involvement in children with pontine tumors. 
Am J Neuroradiol 27:786–793.

62. Kwon JW, Kim IO, Cheon JE et al (2006). Paediatric brain-stem 
gliomas: MRI, FDG-PET and histological grading correlation. 
Pediatr Radiol Online, 18 July 2006.

63. Hoffman HJ (1996). Dorsally exophytic brain stem tumors and 
midbrain tumors. Pediatr Neurosurg 24:256–262.

64. Farmer JP, Montes JL, Freeman CR et al (2001). Brainstem 
gliomas. A 10-year institutional review. Pediatr Neurosurg 
34:206–214.

65. Robertson PL, Allen JC, Abbott IR et al (1994). Cervicomedullary 
tumors in children: a distinct subset of brainstem gliomas. 
Neurology 44:1798–1803.

66. Epstein F, Wisoff J (1987). Intra-axial tumors of the cervi-
comedullary junction. J Neurosurg 67:483–487.

67. Poussaint TY, Yousuf N, Barnes PD et al (1999). Cervico-
medullary astrocytomas of childhood: clinical and imaging 
follow-up. Pediatr Radiol 29:662–668.

68. Epstein F, Farmer J (1993). Brain-stem glioma growth patterns. 
J Neurosurg 78:408–412.

69. Poussaint TY, Kowal JR, Barnes PD et al (1998). Tectal 
tumors of childhood: clinical and imaging follow-up. Am J 
Neuroradiol 19:977–983.

70. Ternier J, Wray A, Puget S et al (2006). Tectal plate lesions in 
children. J Neurosurg 104:369–376.

71. Chen CJ, Tseng YC, Hsu HL et al (2004). Imaging predic-
tors of intracranial ependymomas. J Comput Assist Tomogr 
28:407–413.

72. Meyers SP, Khademian ZP, Biegel JA et al (2006). Primary 
intracranial atypical teratoid/rhabdoid tumors of infancy 
and childhood: MRI features and patient outcomes. Am J 
Neuroradiol 27:962–971.

73. Rorke LB, Packer RJ, Biegel JA (1996). Central nervous system 
atypical teratoid/rhabdoid tumors of infancy and childhood: 
defi nition of an entity. J Neurosurg 85:56–65.

74. Biegel JA (2006). Molecular genetics of atypical teratoid/rhab-
doid tumor. Neurosurg Focus 20:E11.

75. Petito CK, DeGirolami U, Earle KM (1976). Craniopharyngiomas: 
a clinical and pathological review. Cancer 37:1944–1952.

76. Bunin GR, Surawicz TS, Witman PA et al (1998). The descrip-
tive epidemiology of craniopharyngioma. J Neurosurg 
89:547–551.

77. Hetelekidis S, Barnes PD, Tao ML et al (1993). 20-year experi-
ence in childhood craniopharyngioma. Int J Radiat Oncol Biol 
Phys 27:189–195.

78. Pusey E, Kortman KE, Flannigan BD et al (1987). MR of crani-
opharyngiomas: tumor delineation and characterization. Am 
J Roentgenol 149:383–388.

79. Kollias S, Barkovich A, Edwards M (1991–1992). Magnetic res-
onance analysis of suprasellar tumors of childhood. Pediatr 
Neurosurg 17:284–303.

80. Janss AJ, Grundy R, Cnaan A et al (1995). Optic pathway and 
hypothalamic/chiasmatic gliomas in children younger than 
age 5 years with a 6-year follow-up. Cancer 75:1051–1059.

81. Aoki S, Barkovich AJ, Nishimura K et al (1989). Neurofi bromatosis 
types 1 and 2: cranial MR fi ndings. Radiology 172:527–534.

82. Rodriguez D, Young Poussaint T (2004). Neuroimaging fi nd-
ings in neurofi bromatosis type 1 and 2. Neuroimaging Clin N 
Am 14:149–170, vii.

83. Barnes PD, Robson CD, Robertson RL et al (1996). Pediatric 
orbital and visual pathway lesions. Neuroimaging Clin N Am 
6:179–198.

84. Simon J, Szumowski J, Totterman S et al (1988). Fat suppres-
sion MR imaging of the orbit. Am J Neuroradiol 9:961–968.

85. Parsa CF, Hoyt CS, Lesser RL et al (2001). Spontaneous regres-
sion of optic gliomas: thirteen cases documented by serial 
neuroimaging. Arch Ophthalmol 119:516–529.

86. Poussaint TY, Barnes PD, Nichols K et al (1997). Diencephalic 
syndrome: clinical features and imaging fi ndings. Am J 
Neuroradiol 18:1499–1505.

87. Fleischman A, Brue C, Poussaint TY et al (2005). Diencephalic 
syndrome: a cause of failure to thrive and a model of partial 
growth hormone resistance. Pediatrics 115:e742–748.

88. Poussaint TY, Gudas T, Barnes PD (1999). Imaging of neuroen-
docrine disorders of childhood. Neuroimaging Clin N Am 
9:157–175.

89. Amstutz DR, Coons SW, Kerrigan JF et al (2006). Hypothalamic 
hamartomas: correlation of MR imaging and spectro-
scopic fi ndings with tumor glial content. Am J Neuroradiol 
27:794–798.

90. Clarren SK, Alvord EC Jr, Hall JG (1980). Congenital hypoth-
alamic hamartoblastoma, hypopituitarism, imperforate 
anus, and postaxial polydactyly – a new syndrome? Part II: 
Neuropathological considerations. Am J Med Genet 7:75–83.

91. Hall JG, Pallister PD, Clarren SK et al (1980). Congenital 
hypothalamic hamartoblastoma, hypopituitarism, imperfo-
rate anus and postaxial polydactyly – a new syndrome? Part 
I: clinical, causal, and pathogenetic considerations. Am J Med 
Genet 7:47–74.

92. Tien R, Kucharczyk J, Kucharczyk W (1991) MR imaging of the 
brain in patients with diabetes insipidus. Am J Neuroradiol 
12:533–542.

93. Appignani B, Landy H, Barnes P (1993). MR in idiopathic 
central diabetes insipidus of childhood. Am J Neuroradiol 
14:1407–1410.

94. Haddad S, VanGilder J, Menezes A (1991). Pediatric pituitary 
tumors. Neurosurgery 29:509–514.

R E F E R E N C E S  •  483



484 C H A P T E R  4 6  •  P E D I AT R I C  B R A I N  T U M O R S

95. Poussaint TY, Barnes PD, Anthony DA et al (1996). 
Hemorrhagic pituitary adenomas of adolescence. Am J 
Neuroradiol 17:1907–1912.

96. Kucharczyk W, Davis D, Kelly W et al (1986). Pituitary ade-
noma: high resolution MRI at 1.5 T. Radiology 161:761–765.

97. Maghnie M, Arico M, Villa A et al (1992). MR of the hypotha-
lamic-pituitary axis in Langerhans cell histiocytosis. Am J 
Neuroradiol 13:1365–1371.

98. Barnes PD, Robertson RL, Young Poussaint T (1997). Structural 
imaging of CNS tumors. In Cancer of the Nervous System. 
Black PM, Loeffl er JS (eds). Blackwell Science, Cambridge. 
54–97.

99. Bouffet E, Doumi N, Thiesse P et al (1997). Brain metastases 
in children with solid tumors. Cancer 79:403–410.



485

INTRODUCTION
Brain metastases are the most common intracranial 

tumors in adults. Approximately 97 800–170 000 new cases 
are diagnosed in the USA each year [1,2]. There is an equal 
male to female ratio. The most common causes of brain 
metastases are cancers of the lung, breast, unknown pri-
mary, melanoma and colon. Melanoma is the most likely 
tumor to produce brain metastases. The majority of metas-
tases from extracranial primary tumors to the central nerv-
ous system are intraparenchymal. Approximately 80% of 
metastases occur supratentorially, 15% in the cerebellum 
and 5% in the brainstem [3,4]. Gastrointestinal, prostate 
and uterine cancers disproportionately metastasize to the 
posterior fossa [3]. Multiple metastatic lesions are seen in 
60–75% of all cases as determined by gadolinium-enhanced 
MR imaging [2,5]. Melanoma and small cell lung carcinoma 
metastases are most likely to be multiple. Metastases are 
often located at gray–white matter junctions. It is thought 
that tumor emboli lodge in arterioles where changes in ves-
sel caliber trap metastatic emboli. Breakdown of the blood–
brain barrier and increased vascular permeability lead to 
characteristic surrounding vasogenic edema. Metastases 
typically have a large amount of surrounding vasogenic 
edema, in comparison to the size of the metastatic nidus. 
Despite the above typical characteristics, in a prospective 
study of 48 adult patients who were initially thought to have 
a single brain metastasis by MRI, 11% were found on biopsy 
to have a different diagnosis [6].

Modern neuroimaging techniques have the potential of 
increasing the sensitivity and specifi city of cerebral metas-
tasis detection.

COMPUTED TOMOGRAPHY (CT)
On non-contrast-enhanced head CT scans, metastases 

are typically hypodense to isodense, well-circumscribed 
solid lesions (Figure 47.1). Some may have necrotic low 
attenuation centers. Low attenuation vasogenic edema sur-
rounds most metastases and is often disproportionately 
large compared to the size of the mass. Less commonly, 
metastases are hyperdense, which include hemorrhagic 

metastases, such as melanoma, choriocarcinoma, renal 
cell carcinoma, thyroid carcinoma, lung and breast. Hyper-
density is also seen in tumors with high cellularity and high 
nuclear-to-cytoplasmic ratio, such as lymphoma and small 
cell lung cancer. Metastases are infrequently hyperdense 
secondary to calcifi cation, though a variety of metastases 
can calcify.

Most metastases densely enhance with iodinated con-
trast secondary to breakdown of the blood–brain barrier and 
angiogenesis (Figure 47.1B). Enhancement can be homoge-
nous or a ring confi guration. High-dose contrast with delayed 
imaging at 1 hour may detect additional lesions in a signifi -
cant number of patients [7]. CT may fail to identify posterior 
fossa lesions and isodense hemorrhagic metastases. The abil-
ity to detect a lesion on any imaging modality is dependent on 
both lesion contrast, with respect to background, and lesion 
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FIG. 47.1. Computed tomography in a 51-year-old patient 
with brain metastases from breast cancer. (A) Non-contrast CT 
scan showing hypodense edema (arrowheads) surrounding an 
isodense round brain metastatic focus in the subcortical left frontal 
white matter (black arrow). A second isodense focus within the 
cortex is barely seen given the similar attenuation to the cortical 
gray-matter (white arrow). (B) CT after the administration of iodi-
nated contrast greatly increases the conspicuity of the metastatic 
foci and now the cortical lesion (white arrow) is clearly visualized.



size. Large lesions and lesions with high contrast are detected 
more easily than lesions with small size and low contrast. 
A small lesion may be detected if it possesses enough inher-
ent contrast to become conspicuous. Lesions missed on CT 
are almost always less than 10 mm in size. Immediate imag-
ing after injection of contrast, such as when a CT angiography 
(CTA) is performed, is not suitable for metastasis detection, 
since more time is needed for contrast to accumulate within 
the tumor. Therefore, CTA is not an adequate post-contrast 
study for evaluation of metastases. Although not as sensitive 
as MR imaging, CT remains very useful for the detection of 
parenchymal metastases.

MAGNETIC RESONANCE IMAGING (MRI)

Conventional MRI
On MRI, most metastases are slightly hypointense 

to isointense with respect to gray matter on T1-weighted 
images with surrounding hypointense edema (Figure 47.2). 
Marked central hypointensity is characteristic of necrotic 
or cystic tumors. On T2-weighted images, most metastases 
are isointense to hyperintense when compared to gray mat-
ter with the surrounding edema being even more hyperin-
tense (Figure 47.2). Marked central hyperintensity is again 
seen in necrotic or cystic tumors. Hemorrhagic metastases 
are an exception to this pattern and demonstrate vari-
able signal intensities depending on the stage of hemor-
rhage. Adenocarcinomas demonstrate T2 hypointensity 
for unknown reasons and without correlation to the pres-
ence of mucin, blood products, iron or calcium [8]. Cellular 
metastases with high nuclear-to-cytoplasmic ratios, such as 
lymphomas, and calcifi ed metastases may also demonstrate 
T2 hypointensity. Peripheral gray matter lesions and lesions 
without signifi cant edema can be missed on unenhanced 
MR imaging. Unenhanced MR imaging can also fail to dem-
onstrate small nodules hidden by edema from other more 
dominant lesions. Lesions missed on CT and unenhanced 
MR imaging are almost always less than 10 mm in size.

Almost all metastases enhance following intravenous 
contrast injection on both CT and MR imaging secondary 
to blood–brain barrier breakdown and tumor angiogenesis 
(Figure 47.2D). Davis et al have shown that gadolinium-
enhanced MR imaging is superior to double-dose delayed 
CT for lesion detection, anatomic localization and differen-
tiation of solitary versus multiple metastases [7]. Metastases 
may enhance in a solid or ring-like confi guration; the wall 
of the ring is usually thick and irregular. There may be a 
stage when metastases grow avascularly, therefore, they do 
not enhance on routine MR imaging, but are large enough 
to be detected on T2-weighted MR sequences [7]. Contrast 
enhancement may be strikingly decreased by steroid ther-
apy. In addition, contrast enhancement may be altered by 
radiation or chemotherapy.

At times, single or multiple metastases may be differ-
entiated from non-neoplastic entities on the basis of their 

pattern of rim enhancement. Abscesses, demyelinating 
lesions and resolving hematomas frequently have smooth, 
thin walls and metastases and primary tumors usually have 
thick irregular walls. Primary tumors and metastases fre-
quently have similar enhancement patterns and it is not 
possible to differentiate between the two on conventional 
MRI. Extension of edema into the corpus callosum or gray 
matter favors a high-grade glioma and the presence of 
multiple lesions favors metastases. Differentiating hem-
orrhagic metastases from non-neoplastic hemorrhagic 
lesions is frequently diffi cult. Findings suggesting tumor 
are non-hemorrhagic areas, which enhance, an incomplete 
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FIG. 47.2. Conventional MRI sequences in a 51-year-old 
patient with brain metastases from breast cancer. (A) Axial T1-
weighted image without contrast shows a slightly hypointense 
area in the left frontal lobe (arrowheads). (B) Axial T2-weighted 
image showing hyperintense vasogenic edema (black arrow-
heads), surrounding a slightly less bright metastatic lesion in the 
left frontal lobe white matter (white arrow). The metastatic lesion 
itself is relatively hypointense to the edematous surrounding white 
matter, presumably due to denser cell packing within the tumor. 
(C) Axial FLAIR image showing hyperintense vasogenic edema. 
Often, the FLAIR image more conspicuously shows the edema sur-
rounding metastatic lesions. (D) Axial T1-weighted image after 
the intravenous administration of gadolinium contrast shows avid, 
solid enhancement of the metastatic foci.



T2 hypointense hemosiderin ring, persistent edema and 
delayed evolution of hemorrhage. Carcinomatous encepha-
litis or miliary metastasis is a rare form of metastatic dis-
ease to the brain, usually from primary lung carcinoma. 
It is characterized by diffuse spread of small tumor nodules 
to the brain and meninges in a perivascular distribution.

There are several strategies to improve further the 
detection of metastases by MRI.

Double- and Triple-dose Contrast
A useful technique for increasing lesion detection 

is increasing the contrast dose beyond the standard 
0.1 mmol/kg of body weight. There is a relatively linear rela-
tionship between lesion contrast ratio and intravenous con-
trast dose over the range of 0.05 mmol/kg to 0.3 mmol/kg [9]. 
In a larger series specifi cally evaluating brain metastasis, it 
was shown that triple-dose gadolinium MRI increases mean 
lesion contrast, increases qualitative conspicuity of lesions, 
detects additional small lesions and, in a subset of patients, 
would have changed choice of therapy [10]. Increased con-
trast-to-noise ratio and visual assessment ratings were also 
shown to be superior in a randomized trial [11]. Lesions 
greater than 10 mm will be seen at all dose levels. The utility 
of higher dose gadolinium mainly lies in the ability to reveal 
smaller lesions, especially less than 5 mm [10,12].

Delayed Imaging
Several studies of standard-dose gadolinium enhanced 

MR imaging also looked at delayed imaging and found 
marginal benefi t. The fi ndings show improvement in lesion 
detection for small lesions with delayed imaging. Although 
delayed imaging improves detection of small metastases, 
high dose (0.3 mol/kg) imaging shows the most lesions [10]. 
One study of the effective time window for scanning con-
cluded that the post-contrast scan should be started with 
a 2–5 minute delay after injection of contrast medium and 
there is no major advantage in waiting longer [13].

Magnetization Transfer (MT)
Magnetization transfer MR imaging is a technique that 

increases the contrast of enhancing and non-enhancing 
lesions by suppressing background signal and is achieved 
by selectively saturating the signal from the immobile water 
protons. MT can be used to improve lesion contrast of 
gadolinium-enhanced brain lesions on T1-weighted spin-
echo images. In one study, using MT resulted in a 108% 
improvement in the contrast-to-noise compared with con-
ventional T1-weighted gadolinium-enhanced images [14]. 
Some studies have suggested that use of standard gado-
linium dose with MT are equivalent to those reported for 
triple-dose gadolinium-enhanced MR imaging with con-
ventional spin-echo techniques [14,15]. While use of triple-
dose with MT further increases contrast, it does not result 
in detection of additional tumors [15].

Newer Contrast Agents
MRI contrast agents with higher T1 relativity have been 

shown to improve the sensitivity of brain metastasis detec-
tion. Gadobenate dimeglumine signifi cantly increased 
the sensitivity from gadopentetate dimeglumine, gado-
diamide and gadoterate meglumine at similar doses [16]. 
Gadobenate dimeglumine has also been shown to have sim-
ilar sensitivity at reduced doses when compared to standard 
dose gadodiamide [17].

Higher Field MRI
Higher fi eld MR magnets above 1.5 Tesla now have 

widespread clinical availability. It has been shown that 3.0 T 
imaging increases both the subjective assessment of brain 
metastases and also produces signifi cantly higher signal-
to-noise and contrast-to-noise ratios when compared to 
1.5 T [18]. Gadolinium administration produces higher con-
trast between tumor and normal brain on 3.0 T than on 1.5 T 
[19], resulting in better detection of brain metastases and 
leptomeningeal involvement [18]. The relatively improved 
detection rate by using higher contrast doses is maintained 
at high fi eld.

Gradient Echo T2* Sequences and Melanoma 
Imaging

Despite its relative rarity as a systemic neoplasm, 
melanoma is the third most common primary to produce 
brain metastasis. Approximately one-half of melanoma 
metastases are hyperintense on T1-weighted images prior 
to the administration of gadolinium, while other cerebral 
metastases rarely demonstrate T1 hyperintensity [20]. 
Melanin itself may lead to T1 shortening and melanoma 
metastases have a propensity for hemorrhage, with met-
hemoglobin also producing T1 shortening. Additionally, 
melanin and blood products may also produce susceptibil-
ity effect on T2* images due to the presence of metal ions 
including iron, copper, manganese and zinc (Figure 47.3). 
T2*-weighted signal loss and T1 shortening are both fi ve 
times more common in melanoma metastases than in lung 
cancer metastases. Three-quarters of melanoma metastases 
had either susceptibility effect or intrinsic T1 hyperintensity 
and 7% of melanoma lesions were detected principally on 
T2*-weighted sequences [20]. These fi ndings underline the 
value of the T2*-weighted sequence in patients with known 
melanoma who are undergoing CNS staging.

Diffusion-Weighted Imaging (DWI)
Technical aspects of DWI are discussed in Chapter 25. 

Metastatic tumors with dense cell packing or high nuclear-
to-cytoplasmic ratio, such as lymphoma and small cell lung 
cancer can show restricted diffusion on DWI (Figure 47.4). 
Diffusion imaging aids in the differentiation of cystic neo-
plasms and abscesses and can play a role in delineating 
cystic from solid components in metastases [21].
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There is no signifi cant difference in the fractional ani-
sotropy (FA) values of either the enhancing or non-enhanc-
ing peritumoral portions of high-grade gliomas and solitary 
brain metastases [22,23]. However, when peritumoral FA val-
ues were expressed as a differential from values ‘expected’ 
in bland edema, there was a signifi cant difference between 

metastases and gliomas. ‘Expected’ FA values were predicted 
from a linear regression of FA onto apparent diffusion coeffi -
cient (ADC) for a series of bland edema cases; the difference 
between ‘expected’ and observed FA was named the ‘tumor 
infi ltration index’ [24]. Also, the peritumoral mean diffusiv-
ity (MD) of metastatic lesions measured signifi cantly greater 
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FIG. 47.3. Melanoma brain metastases detected on T2* imaging sequences. T1-weighted sequences before (A, E) and after 
(B, F) administration of gadolinium, FLAIR sequences (C, G) and T2*-weighted sequences (D, H) are shown. T1 isointense lesions are seen 
in the right cerebellar hemisphere lesion (top row) and left frontal lobe (bottom row). An additional small lesion is seen on T2* image 
in the right cerebellar hemisphere. A subtle abnormality can be seen in the left frontal lobe on the FLAIR image (G), but the lesion is 
markedly more conspicuous on T2*-weighted image (H).

A B C

FIG. 47.4. Diffusion-weighted imaging in 
metastatic small cell lung cancer to the brain. 
(A) DWI imaging shows multiple foci of 
increased signal in the cerebellum bilaterally, 
initially raising the question of embolic inf-
arcts. (B) ADC maps confi rm low ADC and 
restricted diffusion in these lesions, along with 
surrounding hyperintensity and vasogenic 
edema. (C) Post-contrast T1-weighted image 
demonstrates solid and punctate enhance-
ment in these lesions.
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than that of gliomas [23,24]. Displacement of subcortical 
white matter fi bers by subjective visual assessment of diffu-
sion tensor tractography images (as opposed to tract disrup-
tion or invasion) is also more commonly seen in metastases 
compared to high-grade gliomas [22,25]. Diffusion anisot-
ropy is highly sensitive to microstructural changes that do 
not appear on conventional imaging. Unfortunately, this 
high sensitivity is accompanied by relatively low pathologic 
specifi city, such that useful DTI based tissue characteriza-
tion may ultimately require the use of more sophisticated 
approaches. For example, the major eigenvalue of the dif-
fusion tensor (refl ecting diffusivity in the longitudinal 
direction) was found to be signifi cantly lower in the peri-
tumoral white matter surrounding high-grade gliomas 
than metastases, even when the anisotropy showed no 
difference [26].

Perfusion-Weighted Imaging (PWI)
Technical aspects of PWI are discussed in Chapter 29. 

The importance of tumor angiogenesis in regulation of 
tumor growth and development of metastatic disease has 
been demonstrated. Metastatic tumors to the brain induce 
neovascularization as they grow and expand. These neo-
vessels resemble those of the primary systemic tumor 
with fenestrated membranes and open endothelial junc-
tions, in contrast to normal brain capillaries with an intact 
blood–brain barrier with its tight junctions and continu-
ous basement membrane [27]. It has been shown that PWI 
can be useful in differentiating solitary cerebral metastases 
from high-grade gliomas. PWI could not reliably differ-
entiate metastatic tumors from high-grade gliomas when 
relative cerebral blood volume (rCBV) was measured in 
the enhancing portion of the tumors, since both are highly 
vascular tumors and demonstrate increased rCBV (Figure 
47.5) [28]. However, rCBV was signifi cantly higher within 
the peritumoral region of primary gliomas compared to 
metastatic lesions. The reason is thought to be in the dif-
ferent histopathologic milieu of the peritumoral region. 
In primary gliomas, the peritumoral region represents a 
variable combination of vasogenic edema and tumor cell 
infi ltration, whereas in metastatic lesions, the peritumoral 
region represents pure vasogenic edema due to leaky capil-
laries [29,30]. Differentiation of metastases from low-grade 
gliomas is usually not a diagnostic dilemma, due to the 
general lack of contrast enhancement and minimal peritu-
moral edema in low-grade gliomas. In any case, low-grade 
gliomas often have low rCBV when compared to metastases 
and high-grade gliomas [30].

Magnetic Resonance Spectroscopy (MRS)
Technical aspects of MRS are discussed in Chapter 28. 

N-acetylaspartate (NAA) is low or absent in metastases, 
consistent with the lack of neuroglial elements [31–33]. 
Metastatic lesions also show an elevated choline/creatine 

ratio, as do gliomas [33–35]. Metastatic lesions were initially 
thought to be distinguishable from high-grade gliomas by 
the presence of lipid and lactate peaks, lack of creatine and 
increased lipid/creatine ratio [36,37]. However, in areas of 
central necrosis in high-grade gliomas, there is often pres-
ence of lactate and lipid, as well as a lack of creatine, there-
fore decreasing the specifi city of the above fi ndings [38]. 
Nevertheless, the fi nding of high choline in the peritumoral 
region of a lesion is more likely to represent a glioma rather 
than a metastasis, since as noted earlier, the peritumoral 
region of metastases is pure vasogenic edema, whereas in 
gliomas it represents a combination of tumor cell infi ltra-
tion and vasogenic edema [38]. Increased choline/creatine 
ratio can sometimes distinguish areas of tumor recurrence 
from radiation necrosis.

NUCLEAR MEDICINE TECHNIQUES
Single-photon emission computed tomography 

(SPECT) is a method in which gamma photons emitted 
from a patient intravenously injected with a radiotracer 
are detected with a rotating gamma camera. Thallium-201 
is a potassium analogue tracer that localizes in tumors. 
SPECT imaging with thallium-201 has been used chiefl y in 
the evaluation of primary tumors, but also shows accumu-
lation in metastatic tumors [39,40]. One group has shown 

FIG. 47.5. Perfusion-weighted imaging (PWI) in a patient with 
breast cancer brain metastasis. This is a relative cerebral blood 
volume (rCBV) weighted image of the perfusion study, demon-
strating increased rCBV in the round metastatic focus in the left 
frontal white matter (arrow).
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that delayed thallium imaging may have some utility in dif-
ferentiation of high-grade glioma and metastases [40]. One 
group reported a sensitivity of 70% for both thallium-201 
and technetium-99m MIBI SPECT in the detection of cer-
ebral metastases. SPECT thallium scanning is not useful for 
following tumors that do not demonstrate thallium uptake 
and cannot reliably be used for screening.

Positron emission tomography (PET) has been used 
extensively in the evaluation and follow-up of primary 
brain tumors, especially for distinguishing between necro-
sis from radiation and chemotherapy and recurrent tumor; 
residual tumor usually demonstrates increased FDG 
uptake, and necrosis from radiation or chemotherapy usu-
ally demonstrates decreased FDG uptake. In one study, 
FDG-PET detected only 50–68% of metastases from non-
CNS neoplasms [41] and in another study, only 61% of 
metastatic lesions in the brain were identifi ed by PET [42]. 
Coregistration of PET with MRI improved the sensitiv-
ity for detecting metastatic recurrence from 65% to 86% 
[43]. Unsuspected brain metastases were detected in only 
0.7% undergoing PET scanning for evaluation of extra-
cranial neoplasms [44]. In another large study, unsuspected 
cerebral or skull metastases were detected in only 0.4% of 
patients and the authors concluded that FDG-PET screening 
for cerebral lesions in patients with body malignancy has lit-
tle clinical impact [45]. One reason for the low sensitivity of 
PET may be the fact that metastases are often located close 
to the high FDG uptake gray matter at the gray–white junc-
tion, and hence are more diffi cult to identify.

There is variability in FDG accumulation in metastases 
of different pathologies, as well as among lesions of similar 
pathology. When a metastasis demonstrates increased FDG 
uptake similar to a high-grade primary tumor, FDG PET 
could be useful in following response to treatment and in 
distinguishing recurrent tumor from necrosis secondary to 
radiation or chemotherapy. FDG PET should not be used as 
a screening method or for following lesions that are isometa-
bolic or hypometabolic. Newer tracers are continuously being 
developed for PET imaging, which may further increase the 
utility of this modality in evaluation of brain metastases.

MENINGEAL METASTASES
Approximately 8% of patients with systemic cancer have 

evidence of meningeal metastasis at autopsy [7]. The most 
common clinical presentations are headache, mental sta-
tus change, cranial and spinal nerve dysfunction, gait dis-
turbance and leg and lower back pain. Cerebrospinal fl uid 
(CSF) cytology is specifi c, but remains negative in 5–10% of 
patients [7]. The most common primary tumors to spread 
to the meninges are breast carcinoma, lung carcinoma, 
melanoma, lymphoma and leukemia. Most frequently, 
metas tatic disease spreads to the meninges hematoge-
nously via small meningeal vessels. Superfi cial parenchymal 
lesions and skull metastases may, however, directly invade 

the meninges. Dissemination to the CSF via perivascular 
and perineural lymphatics may also occur. Leptomeningeal 
metastases are more common than pachymeningeal metas-
tases. Pachymeningeal metastases are frequently associ-
ated with calvarial metastases, but isolated dural metastases 
can be seen in breast cancer, lymphoma, leukemia, pros-
tate cancer and neuroblastoma. Metastases involving the 
dura may result in subdural effusions and can also lead to 
venous sinus thrombosis, either by direct invasion or by 
compression.

Non-contrast-enhanced CT is quite insensitive in 
detecting meningeal carcinomatosis. Contrast-enhanced CT 
is more sensitive than non-enhanced T1- and T2-weighted 
MR images, but inferior to contrast MR imaging. MR imag-
ing with gadolinium is most commonly used to detect 
pachymeningeal and leptomeningeal metastases, but FLAIR 
(fl uid attenuated inversion-recovery) imaging can be quite 
sensitive in detection of diffuse leptomeningeal disease 
(Figure 47.6). Uniform diffuse meningeal enhancement is 
the most common MR fi nding. Other fi ndings include focal 
meningeal enhancement, nodular meningeal enhancement 
and hydrocephalus. Infrequently, meningeal metastases 
invade the underlying parenchyma with parenchymal T2 
hyperintensity, swelling and contrast enhancement.

Although MR imaging with gadolinium is sensitive for 
detecting meningeal disease, it is not specifi c. Diffuse linear 
or focal linear can be seen in both neoplastic and infl am-
matory lesions (see Figure 47.6E). Postoperatively, most 
patients have brain, pial and dural enhancement. Brain or 
pial enhancement longer than 1 year may suggest recurrent 
tumor. In patients with mass lesions causing obstructive 
hydrocephalus, meningeal enhancement may be second-
ary to vascular stasis rather than to carcinomatosis. In addi-
tion, dural enhancement adjacent to a parenchymal tumor 
does not always indicate invasion. Discontinuous enhanc-
ing dura adjacent to a mass correlates with dural invasion, 
but uniformly enhancing dura near a parenchymal tumor 
is often not due to dural invasion.

IMAGING APPROACH IN BRAIN 
METASTASES

New developments in neuroimaging are increasing the 
sensitivity for the detection of brain metastases. Given these 
advances, one question raised is whether or not the additional 
information has clinical usefulness, especially in terms of 
patient outcome and in relation to new therapeutic choices. 
Given a choice of multiple treatment options, the second 
question that must be answered is which imaging modality is 
appropriate for which group of patients. The answer cannot 
easily be derived from the literature, as there are inconsisten-
cies in the literature, rapid advances in neuroimaging increas-
ing the sensitivity and specifi city of metastasis detection, 
continuous development of new treatments and regional 
variation in the availability of these various diagnostic and 
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therapeutic modalities. A reasonable approach would base 
screening on neurologic symptoms, primary tumor staging 
and cell type. Neuroimaging screening for brain metastases 
is generally indicated in patients with any stage of disease 
or cell type who present with focal or non-focal neurologic 
symptoms or unexplained systemic symptoms. Screening of 
asymptomatic patients is controversial and dependent on 
the primary tumor. A large number of malignant melanoma 
patients harbor brain metastases. Therefore, most physicians 
would agree that routine brain screening for asymptomatic 
melanoma metastases is indicated.

Another issue is the imaging evaluation of patients 
presenting with a brain mass. Patients present to their phy-
sician or to the emergency ward with neurological symp-
toms and a brain mass is discovered on neuroimaging. 
Since the fi rst step in the management of these patients 
is to obtain a histopathologic diagnosis, the search for a 
systemic tumor can be seen as an approach to selecting a 
biopsy site. In the absence of a history of systemic cancer, 
a series of radiological studies usually follows, which may 
include CT imaging of the chest, abdomen and pelvis, radio-
nuclide bone scan and whole-body FDG-PET imaging. An 
extended search for the extent of systemic tumor prior to 
establishing a histopathologic diagnosis could lead to an 
inappropriate expenditure of resources, including unnec-
essary imaging studies and longer interval to diagnostic 

biopsy [46]. Staging examinations are appropriate only for 
patients with a systemic malignancy and are inappropri-
ate for most patients with primary brain tumors. Mavrakis 
et al performed a retrospective analysis of the presenting 
features and diagnostic workup of patients with neuro-
logic symptoms as the presenting manifestation of cancer 
[46]. Clinical features were not useful in predicting primary 
versus metastatic tumor. Brain MRI and chest CT identi-
fi ed the ultimate site of diagnostic biopsy in 97% of patients 
who present with a newly detected brain mass. The clinical 
and imaging features of these patients can be used to opti-
mize the diagnostic workup of patients with newly detected 
brain masses.

CONCLUSION
High-resolution MR imaging with intravenous gadolin-

ium has greatly enhanced the ability to detect and charac-
terize metastases as well as to reasonably differentiate them 
from other intracranial processes. Combination of conven-
tional MRI with more advanced techniques of DWI, PWI, 
MRS and PET can be useful in the evaluation and manage-
ment of patients with intracranial metastases. Nevertheless, 
additional research is needed to determine further which 
imaging modality is most appropriate for specifi c patient 
populations and to determine whether or how the newer 
imaging techniques are useful in terms of patient outcome.
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FIG. 47.6. MRI of leptomeningeal 
metastases and potential mimickers. (A) 
Axial FLAIR MRI image demonstrating 
abnormal diffuse sulcal hyperintensity 
in a 58-year-old patient with non-small 
cell lung carcinoma. Normally, the sulci 
should be dark on FLAIR. (B) Axial 
post-contrast T1-weighted MRI in same 
patient, showing abnormal enhancement 
of the sulci and leptomeninges, some 
of which have a nodular appearance 
(arrowheads). (C) Axial post-contrast T1-
weighted MRI in same patient, showing 
abnormal enhancement of the ependymal 
surface of the lateral ventricles (arrow-
heads). (D) Sagittal post-contrast T1-
weighted MRI with better demonstration 
of sulcal leptomeningeal enhancement 
(arrowheads). (E) Abnormal diffuse sul-
cal enhancement on coronal post-contrast 
T1-weighted MRI in a 32-year-old patient 
with neurosarcoidosis. Infl ammatory and 
infectious processes of the meninges may 
at times be indistinguishable from menin-
geal metastases.
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INTRODUCTION
Effective treatment of neurological diseases can begin 

only after a positive diagnosis has been made. Many neuro-
logical conditions have characteristic clinical histories and 
physical fi ndings. Based on these, a positive diagnosis can be 
made in the majority of cases. Laboratory tests and radiolog-
ical studies help to confi rm the clinical diagnosis or narrow 
the list of differential diagnoses. At times, imaging studies are 
diagnostic enough to help clinicians arrive at a defi nite diag-
nosis; at other times, the imaging is confusing and produces 
a differential diagnosis of its own. This chapter deals with 
non-neoplastic conditions and other entities that simulate 
tumors. Before starting to discuss some of the more common 
entities, it is noteworthy to mention that a great deal of effort 
can be spared if proper clinical information is provided to 
the radiologist at the time of interpretation. Also, it is essen-
tial that the neuroradiologists have a thorough knowledge of 
the neurological diseases they deal with.

CYSTS AND CYST-LIKE LESIONS

Perivascular Spaces (PVS)
With the advent of magnetic resonance imaging (MRI), 

observation of perivascular spaces has become routine. With 
computed tomography (CT) only the most conspicuous 

spaces (in the inferolateral basal ganglia) were seen. Before 
the innocuous and ubiquitous nature of these spaces was 
recognized, erroneous diagnosis of lacunar infarction was 
frequently made. These spaces are fairly well defi ned, cystic 
looking regions with density/intensity characteristics of 
CSF [1]. The adjacent brain is normal in intensity, a fact that 
differentiates these from old lacunar infarcts. Perivascular 
spaces seen in high convexity white matter and those seen 
in periatrial regions commonly appear as punctuate or 
short linear spaces. Occasionally, bizarre shapes and distri-
butions are seen, challenging the diagnostic acumen of the 
radiologist (Figure 48.1).

Widened perivascular spaces do not communicate with 
CSF spaces; they are merely spaces between vessels and 
wrapping pia containing interstitial fl uid. They are seen 
where perforating vessels enter the brain. They are seen in 
inferolateral basal ganglia at a level that passes through the 
anterior commisure, in the brainstem and thalami, in the 
dentate nuclei, in the hippocampi and in white matter of 
high convexities, etc. Naturally, the great majority of these 
spaces are asymptomatic and remain so. It is claimed that, 
under certain conditions, these spaces enlarge or become 
more prominent. For example, in patients with suprasel-
lar lesions, including craniopharyngiomas, the PVS sur-
rounding the optic tracts are seen to enlarge. Enlargement 

CHAPTER 48

Non-Neoplastic Mass Lesions of the CNS
Amir A. Zamani

A B C

FIG. 48.1. Prominent perivascular 
spaces can occur at unusual sites. (A) 
and (B) T1 and T2WI of a cluster of 
these spaces posterior to the splenium. 
Note there is no hyperintensity around 
these lesions on FLAIR image (C).



of high convexity spaces has been reported in patients with 
mild traumatic brain injury [2] and multiple sclerosis [3] 
and has been attributed to the associated infl ammatory 
response. Very large spaces are called tumefactive spaces 
[4]. They appear as clusters of CSF intensity cysts and do 
not enhance. Widened perivascular spaces in the brainstem 
and thalami deserve special mention (Figure 48.2).

According to Saeki et al [5], widened perivascular 
spaces in the brainstem were fi rst described by Elster 
and Richardson [6]. In a recent study of 115 patients with 
unrelated ocular symptoms, Saeki et al found widened PV 
spaces in the pontomesencephalic junction in 87% and in 
the thalamo-mesencephalic region in 63% of patients [5]. 
The great majority of these spaces were less than 4 mm in 
size. The authors mention that disturbance of drainage in 
these spaces can cause enlargement and lead to hydro-
cephalus, as a result of aqueductal stenosis. In a review of 
the literature, they found that Parkinson’s syndrome and 
motor weakness were the other symptoms.

Other normal spaces containing CSF include cavum 
septum pellucidum, cavum Verage and cavum velum inter-
positum. These are rarely associated with symptoms and, on 
rare occasions, can be mistaken for a neoplasm; they usually 
do not require treatment and will not be discussed further.

Pineal Cysts
These cysts are fairly common. The incidence of pineal 

cysts at autopsy is about 20–40%. The great majority of these 
are quite small, only a few millimeters in size. At imaging, 
the incidence varies, but about 10% may show cysts in this 
region. Eighty percent of these are quite small (Figure 48.3) 
measuring less than 1 cm [7]. Larger lesions, with hemor-
rhage, may be seen. They are more common in females 
(F:M ratio 3:1) and they usually grow very slowly. On his-
tology, they show an inner gliotic layer, a middle pineal 
parenchymal layer and an outer fi brovascular capsule [8].

On imaging, these cysts are usually sharply defi ned 
round or oval masses in the pineal region. The fl uid content 
varies, hence the variability of signal intensity on MR images. 
They enhance with contrast and ring-like and nodular 
enhancements are most common. Larger lesions may cause 
hydrocephalus. Smaller lesions are usually asymptomatic. 

Parinaud’s syndrome may be seen as a result of tectal 
compression.

Although the clinical course of these lesions is usually 
benign, the therapeutic decision-making is, at times, diffi -
cult. A cyst larger than 1.5 cm, compressing the tectum and 
causing symptoms, probably deserves histological diagno-
sis by biopsy and likely, surgical removal. A cyst measuring 
only a few millimeters found incidentally needs no inter-
vention. Between these two extremes, there are many situa-
tions in which a defi nitive management strategy cannot be 
formulated. A developing consensus, however, is that these 
need to be followed clinically, rather than by repeated MRI, 
as these lesions grow very slowly [9].

Arachnoid Cysts
These are benign well-defi ned extra-axial cystic lesions 

containing CSF and enclosed by pia-arachnoid. The most 

A B C

FIG. 48.2. Shows these spaces at their 
thalamomesencephalic site. Enlargement 
of these has been reported to cause 
hydrocephalus.

FIG. 48.3. Pineal cyst: typical pineal cyst is less than 1 cm 
in size and has a smooth thin wall. (This fi gure also shows an 
arachnoid cyst behind the pineal cyst and causing an indentation 
of the upper vermis.)
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common site for arachnoid cysts is within the middle 
cranial fossa [7]. A theory for formation of this type of 
arachnoid cyst is that the temporal lobe meninges fail to 
fuse as the sylvian fi ssure develops, thus forming an arach-
noid cyst. Besides developmental causes, trauma and 
infl ammation have been implicated in the formation of 
arachnoid cysts. Barkovich points out that these secondary 
cysts are different pathologically from congenital arach-
noid cysts [10]. Other important sites include suprasellar, 
CP angles, sylvian fi ssures, quadrigeminal plate, interhemi-
spheric, and convexity regions. Arachnoid cysts account for 
1% of all intracranial non-traumatic masses. They are three 
times more common in males.

Many arachnoid cysts are asymptomatic. Depending on 
location however, headaches, seizures, hearing loss, tic and 
hydrocephalus can be seen. Middle fossa arachnoid cysts 
are associated with some degree of temporal lobe hypogen-
esis. Arachnoid cysts usually do not enlarge. Hemorrhage 
and sudden enlargement have been described rarely.

Radiologically, these lesions are sharply defi ned CSF 
density/intensity extra-axial lesions measuring from less 
than 1 cm to many centimeters. Large masses cause remod-
eling of the adjacent inner table and compress brain (Figure 
48.4). On MRI, they have the same intensity characteristics 
as CSF. They tend to displace adjacent vascular structures 

and cranial nerves rather than engulf them, a point helpful 
in differentiating them from epidermoids. These cysts do 
not have the serrated margins of an epidermoid and do not 
cause restricted diffusion. In addition, they do not enhance 
with contrast material.

Treatment of arachnoid cysts is controversial. A small 
asymptomatic arachnoid cyst is best left alone. For sympto-
matic ones, resection, shunting and fenestration have been 
recommended.

Epidermoid and Dermoid Cysts
The great majority of these are ectodermal inclusion 

cysts [11]. Intraspinal epidermoids may be acquired, result-
ing from repeated lumbar puncture. Epidermoids are usually 
intradural lesions. Extradural lesions are usually within the 
bone (intradiploic). Epidermoids tend to be off midline. The 
most common sites are the CP angle and suprasellar loca-
tions. Occasionally, they can be intraventricular. Dermoids 
tend to be close to midline: vermian and parasellar sites are 
most common. Both enlarge as a result of epithelial desqua-
mation. Dermoids contain ectodermal elements not seen 
with epidermoids. These include hair, sebaceous and sweat 
glands and, occasionally, dental enamel. Rupture of a der-
moid releases its fatty content into the ventricles and sub-
arachnoid spaces and can cause chemical meningitis.

Epidermoids are lobulated, caulifl ower-like, cystic 
lesions. On CT, they may appear hypodense. Occasionally, 
a hyperdense ‘white’ epidermoid is seen [12]. They tend to 
surround and engulf vascular structures and cranial nerves. 
They can insinuate themselves in the crevices of the brain 
making their complete resection impossible. On MRI, they 
tend to be hypointense on T1W images. They usually have 
irregular margins against the brain. On T2W images, these 
lesions are usually hyperintense and occasionally inhomo-
geneous (Figure 48.5). On FLAIR (fl uid attenuated inversion-
recovery images), the signal does not suppress completely 
giving rise to an inhomogeneous lesion. Arachnoid cysts 
on FLAIR images are completely hypointense. On diffu-
sion-weighted images, epidermoids are hyperintense in 
contradistinction from arachnoid cysts that are completely 
hypointense [13]. The epidermoids usually do not enhance; 
occasionally peripheral incomplete enhancement is seen. 
They grow very slowly in a linear fashion similar to skin. 
Malignant degeneration is extremely rare.

Dermoids are much rarer than epidermoids and 
are usually well-defi ned hypodense masses on CT. 
Calcifi cation is common (Figure 48.6). On MRI, they are 
hyperintense on T1W images but variable on T2WI. In a 
ruptured dermoid, fat/CSF levels are seen on both CT and 
MRI images in the ventricles and subarachnoid spaces. 
Again, potential for growth is limited. Malignant degenera-
tion is extremely rare.

Treatment of these lesions is surgical. Incomplete 
resection leads to recurrence many years later as these 
lesions tend to grow slowly.

A C

B D

FIG. 48.4. Arachnoid cysts can be quite large and cause 
remodeling of adjacent inner table (A and B). They are not asso-
ciated with diffusion restriction (C) and do not enhance (D).



Intracranial Lipoma
Although not really cystic, we include intracranial 

lipomas here because of some similarities with the lesions 
described above.

These lesions result from maldevelopment of the 
meninx primitive that forms the subarachnoid cisterns. 
They are usually asymptomatic and found incidentally dur-
ing cranial CT/MRI exams. Occasionally, headaches, sei-
zures and cranial nerve fi ndings are seen, some caused by 
the lipoma and some related to the associated other abnor-
malities. The incidence of lipoma at autopsy is up to 0.21%. 
Lipomas can be large lesions usually related to the poste-
rior aspect of corpus callosum. These are usually associ-
ated with some degree of callosal dysgenesis (Figure 48.7). 
Other lipomas are small lesions seen in the chiasmatic cis-
tern, quadrigeminal cistern (Figure 48.8) and CP angle cis-
tern [14]. Cranial nerves and vessels usually course through 
lipomas, a fact that prevents complete resection of these 
lesions if surgery is deemed indicated. The great majority of 

lipomas, with the exception of CP angle lipomas, are at or 
near the midline.

On CT, lipomas are well-defi ned lesions with very low 
density values characteristic of adipose tissue. They may 
show peripheral calcifi cation, common in callosal lipomas 
but rare in others. MRI shows a mass that is hyperintense on 
T1W images and hyperintense on fast spin-echo T2W images. 
Typical chemical shift artifacts may be seen and aid in diag-
nosis. On conventional SE sequence and on IR sequences 
these lesions are hypointense. Fat suppression techniques 
can be used to confi rm the adipose nature of these lesions. 
They do not enhance with contrast administration.

Treatment by surgical means is rarely indicated, as 
these lesions are usually incidental fi ndings. Complete sur-
gical excision may not be possible because of vascular and 
cranial nerve structures coursing through these lesions.

Neuroglial (Neuroepithelial) Cysts
This is an inhomogeneous group of cysts that includes 

ependymal cysts, choroid plexus cysts and choroidal fi ssure 
cysts. We will discuss choroidal fi ssure cysts. These lesions 
are easy to identify because of their characteristic location 
along the choroidal fi ssure between the medial temporal 
lobe and diencephalon. They have the same density/inten-
sity as CSF. The size varies from only a few millimeters to 
a few centimeters. They are not surrounded by glial tissue 
and do not enhance. They can have an ependymal or arach-
noid lining [7].

Colloid Cysts
The great majority of these cysts are located at the 

foramen of Monro. The cell of origin is the subject of consid-
erable controversy. They are encapsulated cystic lesions with 
a lining epithelium that may be fl at, cuboidal or pseudo-
stratifi ed [15]. Their size varies from a few millimeters to 
a few centimeters; most measure about 1 cm in size. Very 
often they are found incidentally during imaging. Headache 
is the most common presenting symptom. They usually 
do not enlarge, but sudden enlargement causing obstructive 

A B C

FIG. 48.5. Epidermoid cysts are 
often hypointense on T1- and hyper-
intense on T2-weighted images. They 
are associated with restricted diffusion.

A B

FIG. 48.6. Dermoid cysts tend to be midline in location. They 
contain fatty tissue and calcify frequently. (A) non-contrast CT. 
The fatty content is easy to see on MR (B).
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hydrocephalus, even death, has been reported. On CT, 
many are seen as well-defi ned hyperdense lesions that 
enhance mildly. With MRI, many of these lesions are hyper-
intense on T1W images. The appearance on T2W images 

varies (Figure 48.9). They usually do not enhance with 
gadolinium. Positive identifi cation of these lesions is fairly 
simple because of typical location and typical imaging 
fi ndings. Treatment is by surgical resection. A transcallosal 
approach into a lateral ventricle and foramen of Monro is 
the most commonly used technique. Proximity of these 
lesions to the fornix explains the relatively high frequency 
of memory problems as presenting symptoms and postop-
erative complications.

Neuroenteric Cysts
These are usually intradural spinal canal lesions. Here, 

they are more common in the cervical region if there is no 
associated osseous malformation, and more common in the 
lumbar region when there are associated osseous/visceral/
cardiac abnormalities. Occasionally, they can be seen in 
the posterior cranial fossa in the CP angles, anterior to the 
brainstem and at the foramen magnum. Intraventricular 
and intramedullary lesions have been reported. The lining 
epithelium could be GI type, respiratory type, or mixed. 
The shape of the cyst varies and tubular shapes may be 
seen. The MR appearance varies with the cyst contents. T1 
hyperintense lesions are not uncommon. On T2WIs, they 
are usually hyperintense relative to CSF. Spinal neuroen-
teric cysts may be associated with vertebral anomalies such 
as spina bifi da and butterfl y vertebrae [16,17].

A B C

FIG. 48.7. Large intracranial lipo-
mas are midline structures associated 
with hypogenesis of corpus callosum 
and are very often calcifi ed (non-
contrast CT) (A). MRI (B and C) shows 
the extent of lipoma and absence of 
corpus callosum.

A B C

FIG. 48.8. Small quadrigeminal 
plate lipoma is easy to see on T1WI (A) 
because of distinct hyperintensity of 
fat on these sequences. On fast spin-
echo images they are harder to see, 
as signal intensity of fat remains high. 
Arrow on (B) shows the typical chemi-
cal shift artifact. On FLAIR image (C), 
these lipomas are again well seen 
because of attenuation of signal aris-
ing from CSF.

A B

FIG. 48.9. Colloid cysts are easily identifi ed thanks to their 
characteristic location near the foramen of Monro. Signal inten-
sity is variable. In this case, the cyst is hyperintense on both 
T1- (A) and T2- (B) weighted images. Other patterns of signal 
intensity may be seen. Note also hydrocephalus with dilatation 
of lateral ventricles.



fi rst month or two, the diagnosis of infarction is probably 
incorrect. The enhancement pattern is different in infarc-
tion – infarcts do not enhance in the fi rst few days. Gyral 
enhancement begins after the third or fourth day and con-
tinues for 2 or 3 weeks. A round, ring-like enhancement is 
very uncommon. The single most important imaging clue, 
however, is provided by diffusion-weighted images. Acute 
infarcts are associated with restricted diffusion. They are 
hyperintense on diffusion-weighted imaging (DWI) and 
hypointense on apparent diffusion coeffi cient (ADC) maps 
[19]. Inclusion of DWIs in every brain imaging protocol has 
become routine and will help reduce the incidence of erro-
neous diagnosis of an infarct as a tumor.

Venous infarcts, because they do not occur in an arte-
rial territory, can cause more signifi cant problems in dif-
ferential diagnosis. The clinical history is important, with 
altered sensorium, headaches and seizures and a more 
acute onset than neoplastic conditions. Lesions tend to 
be outside arterial territories and may be bilateral. These 
lesions tend to become hemorrhagic. Diffusion-weighted 
images are less frequently positive here than with arterial 
infarcts (Figure 48.11) and imaging abnormalities tend to 
reverse frequently [20]. In patients with a proper clinical 
history and these imaging fi ndings, thrombosed vessels 
(superior sagittal sinus thrombosis, lateral sinus thrombo-
sis, deep vein thrombosis, etc.) should be suspected. MR 
venography will be diagnostic.

A subacute intracranial hemorrhage can mimic a neo-
plasm on CT: there is mass effect, surrounding edema and 
ring-like enhancement. With MRI, differentiating subacute 
hemorrhage from neoplasia is much easier.

Infl ammatory Conditions Simulating 
a Neoplasm

Brain abscesses present with symptoms related to 
increased intracranial pressure and focal symptoms. 
Symptoms related to the site of lesion include seizures, 
hemiparesis, disorder of language function and ataxia. 
Progression of symptoms over days to a few weeks may 
suggest a diagnosis of neoplasia. Constitutional symptoms 
such as fever may be absent. On imaging, usually there are 
extensive signal abnormalities, mass effect, edema and, in 
due course, ring enhancement (Figures 48.12 and 48.13). All 
these imaging fi ndings may also be seen in neoplasia (pri-
mary tumors and metastatic disease). The anatomy of the 
enhancement is different, however. Nodularity of the ring 
suggests a neoplastic condition. The ring is usually thin-
ner on the side closer to the ventricle. Diffusion-weighted 
images show restricted diffusion (Figure 48.12) in a large 
percentage of cases of brain abscess. MR spectroscopy of 
the fl uid part of the lesion will show lysosomal amino acids 
at 0.9 ppm. These are not seen in neoplastic conditions [21].

Encephalitis may be so focal that it may simulate a 
neoplastic condition (Figure 48.14). This confusing picture 
may be seen in a variety of encephalitides and has been 

A B

FIG. 48.10. Hamartomas are most common in suprasellar 
region. They are similar in intensity to the cortex on T1–weighted 
images (A and B).

HAMARTOMAS
These are lesions composed of near normal brain tis-

sues but with abnormal proportions for the regions where 
they are located. They are most common at the fl oor of the 
third ventricle. Microscopic asymptomatic hamartomas 
in the region of hypothalamus are fairly common; larger 
lesions seen by the naked eye are far less common. They are 
seen most commonly inferior to tuber cinereum and can 
fi ll the chiasmatic cistern or interpeduncular cistern. They 
may be asymptomatic or present with headaches, visual 
disturbances and gelastic seizures (spells of uncontrollable 
laughing). Precocious puberty as a result of production of 
gonadotropin-releasing hormone (GnRH) is the most com-
mon endocrine abnormality. Other hormonal disturbances 
(acromegaly, for example) are very rare but reported. As 
these lesions are composed of normal brain tissue, they 
have the same intensity as cortex on T1WI (Figure 48.10). 
Their intensity may be slightly higher on T2WI compared 
with cortex. The lesions do not enhance and do not have 
calcifi cations. They have very limited growth potential. 
Pedunculated lesions may be able to be resected com-
pletely, if symptomatic. If not pedunculated, resection may 
be incomplete but, as mentioned earlier, these lesions grow 
very slowly, if at all [18].

OTHER NON-CYSTIC LESIONS THAT MAY 
MIMIC NEOPLASTIC CONDITIONS

Infarcts may mimic neoplasms. Infarcts, however, are 
usually in a vascular territory and present with an acute 
onset. They do not keep their mass effect for long. Usually 
mass effect is maximal about the fourth or fi fth day and 
decreases afterwards. If mass effect persists beyond the 
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FIG. 48.11. Venous infarcts 
may present with confusing pic-
tures leading to erroneous diag-
noses. The infarct seen on (A) was 
diagnosed as a possible tumor. 
Note lack of restricted diffusion 
on (B). A month later, the patient 
returned. The original lesion 
seen on (A) was no longer seen. 
A hemorrhagic lesion of medial 
left frontal lobe was present 
(C and D). The lesion itself showed 
almost no enhancement. Nodular 
enhancement was present on the 
medial aspect of left hemisphere 
and multiple linear vascular-
appearing enhancements were 
seen in both frontal regions. MRV 
showed occlusion of anterior two-
thirds of the superior sagittal sinus.

A B

C D E F

FIG. 48.12. Stretococcus epidermidis abscess in an unusual location, splenium of corpus callosum (A). DWI and ADC map (B and C) 
show restricted diffusion. There is ring enhancement (D). There were no constitutional symptoms and, although abscess was considered, 
other possibilities were also entertained in the differential diagnosis and included neoplastic conditions and demyelinating lesion.

A B C D

A B

FIG. 48.13. Nocardia abscesses. Note multiplicity and solid 
enhancement of smaller lesions (A). Coronal image (B) shows 
the largest lesion is contiguous with the undersurface of tento-
rium. Tuberculosis can produce lesions similar to (B).

FIG. 48.14. Encephalitis may present with a radiological picture 
mimicking a neoplasm. This patient’s lesion, due to Aspergillus infec-
tion, presents with a round inhomogeneous left frontal mass. The 
lesion is slightly hemorrhagic as expected from an angiophilic fungal 
infection. There was no contrast enhancement. There was also a tem-
poral lobe lesion (not shown) and both showed restricted diffusion.

A B



seen in herpes simplex virus, toxoplasmosis and cryptococ-
cal infections. Altered intensity, mass effect and enhance-
ment may be seen. History is usually quite helpful in this 
differentiation. Also, CSF analysis, if performed, will show 
a meningitic picture quite different from that seen with 
neoplasia. On imaging, encephalitis is not usually confi ned 
to a small region; often, the involvement is bilateral and 
asymmetric. Again, diffusion-weighted images may show 
restricted diffusion. Enhancement pattern may also be 
different. Occasionally, when diagnostic uncertainty per-
sists, medical treatment for encephalitis is instituted (e.g. 
when toxoplasmosis is suspected); in the meanwhile diag-
nostic workup continues. One of the more common diag-
nostic dilemmas is differentiation of toxoplasmosis from 
CNS lymphoma in a patient with AIDS. Both can cause 
multiple lesions. Periventricular/subependymal location 
is far more common in lymphoma and positron emission 
tomography/single-photon emission computed tomogra-
phy (PET/SPECT) may show increased uptake with lym-
phoma. MR perfusion may show increased cerebral blood 
volume in lymphomas versus diminished blood volume in 
toxoplasmosis, although some recent studies have shown 
lymphoma is very often associated with decreased relative 
cerebral blood volume [22]. Spectroscopy of lymphoma 
shows increased choline and lipids and decreased N-acetyl-
aspartate (NAA), in toxoplasmosis the lactate peak is the 
dominant peak.

Primary CNS vasculitis can present with symptoms sug-
gestive of a mass lesion. Headaches are the most common 
presenting symptom. Depending on the location of the 
lesions, weakness, language disorders, seizures, etc., may 
occur. If not treated, the disease is usually fatal. The sedi-
mentation rate is usually increased, but not as high as seen 
in temporal arteritis. Angiography is positive in a large per-
centage of patients. On MRI, brain lesions are usually seen 
in the white matter; extension to cortex can occur (Figure 
48.15). Some of these lesions are undoubtedly infarcts. 
Small hemorrhages may be seen. Other lesions result from 
infl ammation with lymphocytic and giant cell infi ltrates. 
The lesions may be single or multiple and in one or both 
hemispheres. Mass effect may be associated with the lesion. 
Enhancement is variable and ranges from little enhance-
ment to linear to nodular. Response to corticosteroids and 
immunosuppressants can be dramatic. Brain lesions mim-
icking neoplasm have been described recently in patients 
with lymphocytic vasculitis [23] and neuro-Behcet [24].

Sarcoidosis and other granulomatous diseases may 
present with a protean picture. CNS sarcoidosis may be 
the fi rst site of involvement. In systemic sarcoidosis, clini-
cal CNS involvement may be present in 5% of patients [25]. 
Meningeal involvement is the most common CNS pathol-
ogy and often causes leptomeningeal enhancement. Diffuse 
thickening of the falx and tentorium may be seen. Masses 
arising from the meninges may simulate a menigioma. 
Mass effect may be present. These lesions, however, tend 

to be hypointense on T2W MR images. The margins tend to 
be less sharp and more infi ltrative-looking than a menin-
gioma. Meningeal lesions at the fl oor of the third ventri-
cle may be present and cause thickening of infundibulum 
(Figure 48.16) and optic nerves. Infundibular thickening is a 
good sign and should be sought in every case. Bilateral cav-
ernous sinus enlargement may be seen. Sarcoid granuloma 
is another form of CNS involvement and is easier to detect 
with MRI than CT [26]. Chest x-ray may show bilateral hilar 
adenopathy and diffuse increased reticular markings. These 
helpful signs are not seen in every case, however. Not infre-
quently, the fi nal differentiation is made by pathological 
examination of biopsy specimens. Spinal involvement may 
also be seen.

Tuberculosis can cause chronic basal meningitis. 
Occasionally, masses are produced (i.e. tuberculomas) 
that are usually at the gray–white junction and tend to be 
small, ring-enhancing and multiple. Masses attached to the 
undersurface of tentorium are seen (see Figure 48.13) and 
should raise the suspicion of tuberculosis.

Tolossa-Hunt syndrome is a granulomatous disease 
characterized by painful ophthalmoplegia which responds 
to corticosteroid treatment. It causes unilateral cavernous 
sinus enlargement with moderate enhancement. It is one of 
the causes of cavernous sinus lesions, with meningiomas, 
aneurysms, lymphoma, metastases, etc., being some of the 
others. Administration of steroids is both diagnostic and 
therapeutic.

Demyelinating disease may present with intracranial 
masses [27]. Tumefactive multiple sclerosis (MS) is the term 
used for these types of large, focal lesions. Presentation may 

A B

FIG. 48.15. Primary angiitis of CNS can present with lesion 
mimicking neoplasia. (A) and (B) are FLAIR images showing a 
right temporo-occipital lesion with involvement of white matter on 
(A) and right thalamus on (B), where compression of atrium is 
also evident. There was no signifi cant enhancement. Patient had 
presented with worsening headaches and a diagnosis of diffuse 
infi ltrative glioma was considered. Biopsy showed primary angii-
tis of central nervous system (PACNS).
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be acute or subacute. Hemiparesis, language disorders, 
hemianesthesia, etc., may be seen. These patients usually 
do not progress to clinical MS. Imaging shows a region of 
white matter signal abnormality with mild mass effect. 
The borders may be poorly defi ned. Enhancement varies, 
but peripheral enhancement or concentric enhancement 
may be seen. There may be associated signal abnormal-
ity on DWIs. Occasionally, a brainstem mass is found with 
expansion of the brainstem simulating a neoplasm. In 
these cases, fi nding other white matter lesions in typical 
locations (periventricular white matter, corpus callosum, 
middle cerebellar peduncles, etc.) may help, but usually the 
lesion is the only lesion. Multiple complete or incomplete 
rings of enhancement are in favor of a demyelinating dis-
order. Patients are usually young. MR spectroscopy shows 
decreased NAA and increased choline. A large choline peak 
may be seen (Figures 48.17 and 48.18) making differen-
tiation from a high-grade tumor even more diffi cult [28]. 
CSF analysis may help by showing oligoclonal bands. The 

lesions may regress with time or respond dramatically to 
steroids. Biopsy may be the only way to make a defi nitive 
diagnosis.

Extramedullary hematopoiesis can cause intracranial 
mass lesions. The history may be helpful in these cases (i.e. 
severe, prolonged anemia). Biopsy may be necessary to 
make a defi nitive diagnosis.

Lhermitte-Duclos disease is discussed here briefl y 
because, although not decidedly neoplastic, it can present 
with mass-like lesions of the cerebellum. It is not clear if 
this entity is a dysplasia, a hamartoma or a neoplasm. WHO 
classifi cation of CNS tumors regards them as dysplastic 
gangliocytomas. There is signifi cant thickening of cerebel-
lar folia [29]. The lesion presents as a sharply defi ned region 
of cerebellum with a characteristic laminated appearance 
on T2W images, and mild mass effect on the fourth ven-
tricle. It presents in young patients with signs of increased 
intracranial pressure and cerebellar signs. The lesions do 
not enhance with gadolinium.

A B

FIG. 48.16. Sarcoidosis may cause meningeal thickening. This 
is common at the suprasellar cistern. Thickening of infundibulum 
and cranial end of optic nerves and chiasm may be seen (A). 
There may be bilateral enlargement of the cavernous sinuses (B).

A B

FIG. 48.17. Demyelinating lesions can cause extensive white 
matter involvement (A). Mild mass effect may be associated (B). 
Margins are not sharply defi ned.

A B

Lac

[P]

Cho NAA

C

FIG. 48.18. Same patient depicted on Figure 48.17. 
Enhancement may be mild and at the margin of the lesion (B). 
Concentric layers of enhancement may be seen. (C) MR spec-
troscopy shows elevated choline (Cho), depressed NAA and a 
lactate (Lac) doublet.
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IMAGING APPEARANCE OF GLIOMAS 
OF THE ADULT CEREBRAL HEMISPHERES

Gliomas of the adult cerebral hemispheres are remark-
able for the degree to which their imaging characteristics 
refl ect their histopathologic features (Figure 49.1).

In low-grade diffuse fi brillary astrocytomas (LGA; WHO 
grade II), there is mild expansion of the affected brain with-
out evidence of abnormal gadolinium enhancement or 
signifi cant surrounding vasogenic edema. These imaging

fi ndings refl ect the histopathological fi ndings of mildly 
increased cellularity without signifi cant angiogenesis.

Anaplastic astrocytomas (AA; WHO grade III) typically 
have nodular areas of homogeneous (i.e. without ring-
enhancement) gadolinium enhancement, with the enhance-
ment refl ecting the presence of newly formed blood vessels 
which have an abnormal blood–brain barrier and are thus 
permeable to gadolinium. These tumors tend to produce 
moderate expansion of the involved brain regions due to 
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A B C

FIG. 49.1. Imaging fi ndings of 
astrocytomas refl ect the histopatho-
logical features of these tumors. 
Comparison of the imaging fi nd-
ings in low-grade astrocytoma 
(A,B), anaplastic astrocytoma 
(C,D) and glioblastoma multiforme 
(E,F). The left column shows axial 
gadolinium-enhanced T1-weighted 
images and the right column shows 
FLAIR images. See the text for dis-
cussion of the correlation between 
imaging features of these tumor 
grades and histological fi ndings.



greater cellular proliferation and may or may not show evi-
dence of signifi cant surrounding vasogenic edema.

In glioblastoma multiforme (GBM; WHO grade IV), 
there is usually more mass effect and extensive surrounding 
T2-weighted hyperintensity due to a combination of vasogenic 
edema and infi ltrating tumor. Centrally non-enhancing 
regions that correlate with histopathologic fi ndings of necro-
sis are surrounded by areas of peripheral enhancement.

While the above features are typical for astrocytomas 
of the adult cerebral hemispheres, there are several impor-
tant exceptions and additional features that must be noted. 
First, diffuse infi ltrating gliomas of the cerebral hemispheres 
are commonly disseminated throughout the brain at the 
time of diagnosis and this feature is not well delineated on 
imaging. Indeed, precisely because these tumors are infi l-
trating, intensifi cation of local treatments, such as with 
brachytherapy, does not signifi cantly improve overall sur-
vival [1]. Secondly, the presence of abnormal enhancement 
in a tumor shown to be a diffuse astrocytoma implies the 
presence of high-grade tumor, even if the biopsy specimen 
shows only LGA. Therefore, enhancing ‘low-grade’ astrocy-
tomas should be followed radiologically with the same fre-
quency as AA, since there is a signifi cant likelihood of biopsy 
sampling error. Low-grade oligodendrogliomas often dem-
onstrate enhancement and elevated relative cerebral blood 
volume (rCBV) and, in distinction to astrocytomas, these 
fi ndings do not imply higher grade, a factor which will be 
discussed in more detail below under cerebral blood volume 
measurements [2].

On the other hand, the absence of enhancement does 
not reliably indicate the absence of high-grade histopathol-
ogy, since one-third of non-enhancing diffuse gliomas in 
adults will be high-grade. The risk of high-grade histopa-
thology in a non-enhancing astrocytoma rises with age, 
such that by 45 years of age, the likelihood of fi nding high-
grade tumor is 50% [3]. These facts not only indicate that 
all non-enhancing masses suspected to represent a glioma 
should be biopsied, but also that imaging approaches other 
than contrast enhancement are needed to target the most 
anaplastic portion of the tumor.

EVOLUTION OF DIFFUSE GLIOMAS 
IN ADULTS

Adult gliomas have a well-known tendency to become 
more histologically anaplastic and clinically aggressive over 
time, evolving towards GBM [4–6]. This evolution is called 
anaplastic progression and results from a stepwise accu-
mulation of molecular genetic alterations within tumor 
cells. Although the precise numbers are diffi cult to deter-
mine, approximately 50% of LGA undergo radiographically 
detectable anaplastic progression, with the remainder of 
LGA showing gradual growth as a low-grade lesion [5].

GBM arising within a known LGA is termed ‘second-
ary GBM’. On the other hand, patients whose GBM are 

diagnosed after a short interval of symptoms where there 
is no known prior LGA are said to have de novo, or pri-
mary GBM. There are a number of important distinctions 
between these two types of GBM. De novo tumors typically 
arise in older adults. Conversely, patients with secondary 
GBM tend to be younger at the time of diagnosis. The two 
types of tumors have distinguishing genetic alterations, for 
instance TP53 is usually unaltered and EGFR is activated in 
patients with de novo GBM, whereas TP53 tends to be inac-
tivated and EGFR is unaltered in patients with secondary 
GBM. The dichotomies in the age, rate of anaplastic pro-
gression and genetic changes in GBM give strong evidence 
that distinct genetic pathways produce subsets of malig-
nant gliomas. According to this hypothesis, the tumors of 
younger patients tend to show anaplastic progression over 
an interval of years, whereas the tumors in patients of older 
age undergo progression from initial formation to GBM over 
months. This is directly supported by data showing that LGA 
progress more rapidly to high-grade in older patients [7]. 
Although other explanations for tumor behavior have been 
proposed [8], there are few existing data or theoretical sup-
port for these hypotheses.

IMAGING DIFFUSE GLIOMAS 
FOLLOWING DIAGNOSIS

Low-Grade Gliomas
Patients with low-grade gliomas usually undergo maxi-

mal possible tumor resection, with or without adjuvant 
therapy. Thus, the rationale behind serial imaging sur-
veillance in these patients is the early detection of tumor 
progression.

Low-grade gliomas often show progression as grad-
ual enlargement of the region of non-enhancing hyperin-
tense T2-weighted signal surrounding the resection cavity. 
Mandonnet, Delattre and co-workers found that in untreated 
low-grade oligodendrogliomas there is approximately 4 mm 
annual increase in cross-sectional diameter of the tumor 
each year [9]. Figure 49.2 illustrates this pattern of growth 
in a patient with a left frontal low-grade oligoastrocytoma 
who reported increasing severity of the seizures affecting 
language function. When compared to the immediate prior 
study, serial MRI examinations did not provide an explana-
tion for the clinical deterioration. However, comparison to 
an earlier baseline study revealed a clear, gradual increase 
in tumor size. This observation provided a reasonable radio-
graphic basis for understanding the clinical progression and 
the patient was begun on oral chemotherapy with subse-
quent improvement in her symptoms. Thus, it is of utmost 
importance to compare each new MRI study with prior 
studies over as long a period as possible in order to detect 
the presence of gradual interval growth which could escape 
detection if comparison is limited to the most recent prior 
examination.
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Patients with low-grade gliomas may receive treatment 
when their tumors show growth or when there are symp-
toms, such as poorly controlled seizures, that might ben-
efi t from therapy. Treatment may consist of involved fi eld 
irradiation or chemotherapy without irradiation. In these 
patients, ‘response’ of the tumor may consist of shrinkage of 
the lesion or stabilization of size, with or without a decrease 
in target symptoms (e.g. decrease in seizure frequency). 
Clinical experience indicates that stabilization is the most 
common form of response. When shrinkage does occur in 
LGA or low-grade oligodendrogliomas, it is usually minor 
in degree (i.e. insuffi cient to qualify for a partial response 
as defi ned below) and is often apparent only after 1 year or 
more following initiation of therapy. However, responses 
are frequently seen in anaplastic oligodendrogliomas which 
have loss of heterozygosity of the short arm of chromosome 
1 (1p-tumors), where best response is often seen after only 3 
months of therapy.

In the case of anaplastic progression within low-grade 
gliomas, a new focus of rapidly growing, contrast-enhancing
tumor appears within an existing, non-enhancing mass. The 
interval from initial diagnosis to anaplastic progression 
is strongly age-dependent [7]. These patients are treated 

aggressively with irradiation and chemotherapy at the 
time progression is recognized. The imaging considera-
tions regarding assessment of treatment responses in these 
patients are the same as those described below for high-
grade gliomas.

High-Grade Gliomas
Patients who are diagnosed with high-grade gliomas

(i.e. WHO grade III and IV) are usually treated in the post-
operative setting with a combination of involved fi eld 
irradiation and chemotherapy. Increasingly, 1p- anaplastic 
oligodendrogliomas are treated initially with chemotherapy 
alone, reserving irradiation until there is evidence of tumor 
progression.

High-grade tumors may show shrinkage, stability or 
progression during these treatments. Shrinkage is com-
mon only with 1p- anaplastic oligodendrogliomas, in which 
case it is often seen within 3 months of initiation of therapy 
(Figure 49.3). Shrinkage may occur in the size of nodu-
lar enhancing disease and in the area of hyperintense T2-
weighted signal. Tumor cysts often do not change in size 
even when the surrounding tumor is shrinking.

A B C

FIG. 49.2. Gradual growth of an 
untreated low-grade oligoastrocytoma 
over a 4-year interval ((A) in 1999 at 
diagnosis, (B) in 2002, (C) in 2003). 
Comparison of axial FLAIR images 
reveals slow enlargement of the tumor. 
The patient’s seizures began to worsen 
in 2003. Mandonnet and coworkers 
(2003) showed that untreated low-grade 
oligodendrogliomas enlarge about 4 mm 
in cross-sectional diameter each year.

A B C

FIG. 49.3. Marked shrinkage of 
brain tumors is commonly seen with 
1p- anaplastic oligodendrogliomas and 
primary central nervous system lympho-
mas. In this example, a 1p- anaplastic 
oligodendroglioma involuted follow-
ing three cycles of oral chemotherapy 
without irradiation. (A) Preoperative, 
(B) following a subtotal resection, 
(C) following 3 monthly cycles of oral 
chemotherapy with temozolomide.



Stability in the size of the tumor is a more common 
outcome with treatment, especially with astrocytomas. As 
discussed below, this fact has led to the use of ‘progression-
free survival’ as a common radiographic endpoint in clini-
cal trials for high-grade gliomas.

As practitioners of neuro-oncology are acutely aware, the 
vast majority of high-grade gliomas demonstrate progressive 
enlargement within months of diagnosis. Progression most 
often is declared when there is enlargement of one or more 
enhancing nodules within the tumor or appearance of a new 
nodular area of enhancement either locally at the tumor 
margin or distantly elsewhere in the brain. Increases in size 
of a tumor cyst, in the extent of hyperintense T2-weighted 
signal, and the appearance of hemorrhage when there is sta-
bility of the remainder of the lesion, do not qualify as tumor 
progression.

USE OF IMAGING IN CLINICAL TRIALS
Enormous effort has been put into clinical trials of 

new agents for malignant gliomas over the past 30 years. 
In the testing of new treatments, the standard 3-phase 
design is employed [10]. Phase I and phase III studies, with 
their respective goals of maximal tolerated dose deter-
mination and overall survival, do not rely heavily upon a 
neuroimaging endpoint. Imaging is a most important tool 
in the phase II study, however, since the major goal of this 
stage is to look for evidence of effectiveness of the new 
agent as determined by radiographic response rate and 
clinical status.

Thus, whereas survival is considered the gold standard 
of effi cacy at the phase III stage, a surrogate measure of sur-
vival (e.g. radiographic response rate) is employed in phase 
II studies. Phase II studies usually are performed in patients 
with progressive tumors and radiographic response rates 
are used because they can be measured much more quickly 
than survival and because any survival measurement would 
be complicated by the administration of prior therapy. The 
use of radiographic response as a surrogate endpoint for 
survival at the phase II stage makes a crucial assumption, 
however, and that is that radiographic response is a valid 
surrogate measure for a meaningful response as defi ned by 
survival.

The terms complete response (CR), partial response 
(PR), stable disease (SD) and progressive disease (PG) are 
used in neuro-oncology trials and these terms are defi ned 
below under ‘Response criteria’. Complete response and 
partial response are seen in approximately 10% of patients 
in clinical trials for newly diagnosed malignant gliomas [11] 
and in a smaller fraction of patients with progressive dis-
ease. For that reason, it is typical to employ endpoints that 
measure the duration of SD, such as ‘progression-free sur-
vival’ (PFS). Thus, a common end point for phase II clinical 
trials is PFS after a 6-month or 12-month interval. Phase II 
studies compare the percentage of patients with 6-month 

or 12-month PFS to that of a historical control group. PFS 
is used because it is a more concrete endpoint than is ‘time 
to progression’ (TTP), in which the interval to SD is meas-
ured in each study subject based on imaging data despite 
variation in the intervals between studies in individual 
patients [12]. There are signifi cant issues with the use of 
PFS in a phase II study. Not only does the use of SD mea-
sure a weaker biological effect than does tumor shrinkage, 
but there is great diffi culty with the choice of a valid com-
parison group. Together, these problems render the validity 
of current methods for measurement of effi cacy in phase II 
trials questionable.

Another major issue relates to whether radiographic 
response is a valid surrogate measure for overall survival. 
Studies have provided strong evidence that radiographic 
response predicts survival in anaplastic oligodendroglioma 
(AO), where response correlates with longer survival and 
with the loss of heterozygosity of chromosome 1p [13]. 
For newly diagnosed AA, a study by the Radiation Therapy 
Oncology Group (RTOG) randomized patients to receive 
irradiation plus procarbazine, CCNU and vincristine (PCV) 
with or without 5-bromodeoxyuridine (BudR) [12]. Patients 
with no progression at 6 months had a median sur-
vival of 67 months versus a median survival of 19 months 
for patients who had shown progression by 6 months. 
Thus, for newly diagnosed anaplastic gliomas, there is 
evidence that response correlates with survival. A study 
by Galanis et al of the relationship between response and 
survival in patients with newly diagnosed ‘enhancing glio-
mas’ (n � 36 with low-grade glioma 25%, AA 14%, and GBM 
61%) found no relationship between response and survival 
[11]. It is important to note, however, that this was a study 
of adjuvant therapy, not salvage therapy, whereas most 
phase II trials are conducted in patients with progressive 
disease.

For the most common type of high-grade glioma, 
GBM, there is even less evidence to document the validity 
of radiographic response as a surrogate measure of effi cacy 
(i.e. overall survival) in the phase II setting.

Grant et al reviewed the imaging studies of 136 patients 
with progressive malignant gliomas following two cycles 
of nitrosourea-based therapy and found no correlation 
between response as determined by the Macdonald cri-
teria and time to progression or survival [14]. Shah et al 
were unable to fi nd a relationship between 6-month pro-
gression-free survival and overall survival in 53 patients 
entered into a number of different clinical trials for progres-
sive malignant gliomas [15]. Thus it appears unlikely that 
response and duration of stable disease are valid measures 
of a survival-associated response. This does not mean that 
these two measures are not valid indicators of effi cacy of a 
new agent, however. In fact, a measurement approach that 
is highly sensitive to response would likely provide the best 
measure of effi cacy, as discussed below under ‘Comparison 
of diameter and volumetric approaches’.
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TECHNICAL ASPECTS OF MEASURING 
RESPONSE AND PROGRESSION

General Considerations
Although the problems discussed above represent 

serious limitations for clinical trials of new brain tumor 
therapies, neuroimaging is still the best available tool for 
evaluating response in the phase II setting. There are two 
basic approaches in common use for the measurement 
of tumor activity on MRI scans. These are diameter-based 
methods and computer-assisted volumetric methods.

With both of these approaches a baseline study is 
required, ideally within 14 days prior to initiation of treat-
ment. Follow-up studies are then performed according to 
treatment protocol, but most commonly after every sec-
ond cycle or every two months. The same imaging tech-
nique must be used at every time point (i.e. MRI and CT 
measurements cannot be mixed). Other considerations for 
these studies include whether there is a requirement for 
specifi c sequences (e.g. a 3 mm/skip 0 mm slice thickness 
T1-weighted gadolinium-enhanced axial image for volu-
metric analysis, see below) and whether anonymized data 
must be recorded onto a compact disc for transmission to 
a central neuroradiology review site. Central review is usu-
ally employed to confi rm response status, with the pri-
mary clinical interpretation being the responsibility of the 
patient’s individual neuro-oncologist. It may be important to 
record whether there are lesions that have been treated with 
radiosurgery.

An issue that often arises is the choice of the portion of 
the lesion to measure or, when there are multiple or multi-
focal lesions, the choice of the specifi c lesion to measure. 
Cystic or centrally necrotic lesions are problematical, since 
a large portion of the lesion cannot reasonably be expected 
to respond to therapy. In this case, it is best to use a periph-
eral, nodular component of the lesion for response assess-
ment when using diameter-based methods. This problem 
is more easily navigated with computer-assisted volumetric 
assessment (see below). Another problem is distinguishing 
contrast enhancement from intrinsic T1-weighted hyperin-
tensity due to blood products. This latter issue is especially 
diffi cult on the immediate postoperative MRI scan (i.e. the 
study performed within 72 hours of surgery), since extensive 
signal changes from blood products are routinely present. 
In this circumstance, a detailed, side-by-side comparison 
of the pre- and post-contrast enhanced images is required. 
Many trials have a minimum tumor size requirement for 
inclusion: if a 10 mm diameter enhancing nodule can-
not be distinguished, then the patient will be ineligible for 
some protocols. Occasionally, the intrinsically T1-weighted 
hyperintense postoperative blood products along the sur-
gical margin can obscure the presence of residual enhanc-
ing disease and these foci only become apparent on further 
follow-up studies when the blood product related signal has 
resolved.

Areas of restricted diffusion occur in two-thirds of 
patients following surgery for malignant gliomas (Figure 
49.4). These foci evolve into encephalomalacia, consistent 
with the presence of infarction. Follow-up studies reveal 
enhancement in about one-half of these infarcts, a fi nding 
that could easily be misinterpreted as persistent or pro-
gressive tumor if the presence of the perioperative infarct 
is not realized. Thus, it is important to review the immedi-
ate postoperative diffusion-weighted image (DWI) when 
evaluating an area of focal nodular enhancement for serial 
measurement.

Gadolinium enhancement is a time dependent phe-
nomenon and this fact can result in signifi cant changes in 
apparent lesion size between the initial and fi nal enhanced 
sequences (Figure 49.5). Typically, the images are acquired 
in the sequence of axial, followed by sagittal, and then 
coronal planes, with the initial axial image being acquired 
within 3–4 minutes after gadolinium injection. The images 

A B

C D

FIG. 49.4. Two-thirds of patients undergoing surgery for 
malignant gliomas have infarcts in their tumors on the immediate 
postoperative MRI scan. These infarcts often demonstrate nodular 
gadolinium enhancement on subsequent studies, a fi nding which 
could be easily confused with tumor. Immediate postoperative 
DWI (A) and ADC (B) show restricted diffusion (arrows), fol-
lowed by a 3-month postoperative T2-weighted image (C) and 
gadolinium-enhanced T1-weighted imaging showing enhance-
ment within the infarct (D).



should always be obtained in the same sequence at about 
the same time interval in order to avoid misinterpretation 
of response or progression. Evaluation of the degree of 
enhancement within the deep cerebral veins (e.g. internal 
cerebral veins) and within the nasal mucosa can help to 
confi rm the presence of an adequate dose of gadolinium.

It is important to exclude resection cavities from meas-
urements. In many cases, the presence of a cavity is best 
demonstrated on the T2-weighted images.

Response Criteria and Diameter-Based 
Measurement Methods

In the standard approach employed in most neuro-
oncology clinical trials, two orthogonal measurements are 
made of the gadolinium-enhancing portion of the tumor 
on the axial slice containing the most extensive portion 
of the lesion (Figure 49.6). The same measurement, using 
the scan slice that is as closely matched as possible from 
each study, is measured on each exam obtained during the 

A B C

D E F

FIG. 49.5. Contrast enhancement 
within brain tumors is a dynamic proc-
ess. A standardized imaging proto-
col is important for the purposes of 
direct comparison. In this case, the 
usual acquisition order (A,B,C) of 
the triplanar images was reversed in 
(D,E,F), producing marked differences 
between the coronal images.

A B C

FIG. 49.6. (A) Illustration of the common, orthogonal diameters approach to brain tumor measurement. The diffi culties with this 
approach are described in detail in the text. (B) Computer-aided volumetric approach for measurement of an irregularly shaped 
glioblastoma containing a signifi cant region of non-enhancing, necrotic tumor. The program calculates enhancing volume, central non-
enhancing volume and total lesion volume. (C) Another case of glioblastoma comparing RECIST and volumetric measurements.
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clinical trial. The two diameters are multiplied to give an 
estimate of tumor area on that image. While this approach 
has the advantage of simplicity, there are also substantial 
disadvantages to this approach compared to the computer-
assisted volumetrics. These relative merits are discussed in 
more detail below.

Once the baseline and serial follow-up exams are avail-
able on a patient in a clinical trial, the so-called Macdonald 
criteria are applied to the serial imaging measurements and 
clinical status to determine response [16]. These criteria are:

• Complete response (CR): complete disappearance of 
all enhancing tumor on consecutive scans performed 
at least 1 month apart. No new lesions. No adminis-
tration of glucocorticoids and neurologically stable or 
improved.

• Partial response (PR): greater than or equal to 50% 
decrease from baseline in the enhancing tumor mea-
surement on consecutive scans performed at least 
1 month apart. No new lesions. Stable or decreasing 
glucocorticoid dose, neurologically stable or improved.

• Stable disease (SD): other than CR, PR, or PD.
• Progressive disease (PD): greater than or equal to 25% 

increase in the tumor measurements or appearance of 
new lesions on consecutive scans performed at least 
1 month apart or decline in neurological status with 
stable or increased dose of steroids. (‘New lesion’ must 
be defi ned by each protocol and often is designated as 
the appearance of a new enhancing lesion of more than 
5 mm diameter.)

In 2000, an international committee published new 
imaging response guidelines known as Response Evaluation 
Criteria in Solid Tumors (RECIST; see http://ctep.cancer.
gov/guidelines/recist.html) [17]. The criteria were designed 
as a uniform, simplifi ed and conservative criterion to deter-
mine response to therapy for all types of solid tumors. 
However, RECIST has not been widely adopted for clinical 
trials involving malignant gliomas, in part for historical rea-
sons and in part because RECIST specifi es solid, non-cystic 
tumors, while GBM frequently presents with a non-enhancing 
necrotic core.

The basic measurement in RECIST is a single linear 
dimension across the largest diameter of the tumor on a 
selected axial image. This measurement is repeated with 
each study, always using the largest cross-sectional diam-
eter, even if it varies from the original orientation.

For patients with multiple lesions within the brain, 
RECIST categorizes the lesions within one organ as mea-
surable (i.e. target lesions) when the lesion is at least 10 mm 
in longest diameter as seen on a single axial slice, or non-
measurable (i.e. non-target lesions) if smaller than 10 mm 
in longest diameter. The diameter of 10 mm is based on the 
RECIST rule that the smallest measurable lesion should be at 
least double the size of the commonly used slice thickness of 
5 mm. Predominantly cystic and leptomeningeal lesions are 

considered non-measurable. Lesions that are not suitable 
for accurate repeated measurements include those where 
two or more lesions are abutting each other, producing dif-
fi culty in establishing the margin of the tumors and those 
near rounded or bony anatomic surfaces (e.g. skull base or 
vertex where volume averaging might lead to inaccuracy of 
measurement).

Baseline documentation includes all measurable lesions 
up to a maximum of 10 lesions throughout the body and 
no more than 5 lesions per organ. When the brain is the 
sole organ site to be assessed some brain metastasis trials 
have measured up to 10 lesions in the brain. All other non-
target lesions are to be identifi ed and recorded. The recorded 
measure for each scan is the sum of all of the ‘measurable’ 
single lesion diameters.

The evaluation of target lesions is defi ned by RECIST in 
four response categories:

• Complete response (CR): complete disappearance of all 
target lesions.

• Partial response (PR): 30% decrease in the sum of the 
longest diameter of target lesions.

• Stable disease (SD): changes that do not meet criteria 
for CR, PR, or PD.

• Progressive disease (PD): 20% increase in the sum of 
the longest diameter of target lesions.

Note that the RECIST criteria, unlike the Macdonald 
criteria, do not include a measure of clinical status or steroid 
dosage.

Non-target lesions are defi ned by three categories. 
Complete response refers to disappearance of all non-tar-
get lesions, incomplete response/stable disease to persist-
ence of one or more non-target lesions, progressive disease 
to appearance of one or more new lesions. A new lesion is 
defi ned as a focus of tumor not previously seen that mea-
sures at least 5 mm in diameter.

Based on all possible combinations of the above men-
tioned response categories of target and non-target lesions, 
the overall response represents the best response of the 
tumor to treatment, and these combinations are detailed 
in the criteria available in publication [17] and at the world 
wide website noted above.

Diffi culties with the cross-sectional diameter approach 
include the fact that malignant gliomas are typically irregu-
lar in shape such that the standard cross-sectional diam-
eter measurements do not truly estimate the size of the 
lesion. There often are large areas of cystic necrosis which, 
although included in the measurements, are in fact unlikely 
to respond to treatment (see Figure 49.6) and RECIST spe-
cifi cally denotes such tumors as non-measurable.

Finally, progression often occurs within a focal region of 
the tumor and, therefore, serial linear measurements across 
the identical portion of the tumor from study to study may 
not detect evidence of early progression.



Computer-Aided Volumetric Methods
In the computer-aided volumetric, or perimeter 

approach, we use semi-automated tumor segmentation 
software developed by one of the authors (GJH); semi-
automated tumor volumetric analysis software is avail-
able in the FDA-approved 3D imaging workstation Vitrea™ 
(Vital Images, Minetonka, MN). To segment the tumor vol-
ume, fi rst a region of interest is drawn around a gadolin-
ium-enhancing mass lesion on a series of T1-weighted axial 
images to defi ne the general location. The computer then 
draws a border along the margin between the enhancing 
and non-enhancing regions on all adjacent images, using 
a combination of image histogram statistics and morpho-
logical fi ltering. Likewise, any non-enhancing cystic areas 
are segmented by the software. These images are reviewed 
and adjusted, if necessary, by a neuroradiologist and the 
program then calculates an enhancing, non-enhancing 
(e.g. the centrally necrotic or cystic area) and a total, or 
combined, volume in cubic centimeters (see Figure 49.6). 
Computer-aided volumetric analysis has been shown to be 
more sensitive in the early detection of progression, espe-
cially with smaller lesions [18,19]. The computer-aided 
volumetric approach showed excellent intra-observer and 
inter-observer reliability.

Technical issues with the perimeter method include 
the choice of lesion or enhancing area within the lesion, 
confi rmation of the margins of enhancement and exclusion 
of blood products that are hyperintense on T1-weighted 
images, enhancing perioperative infarctions and resection 
cavity. Malignant gliomas often show extreme geographic 
complexity (see Figure 49.6) and the fi nal decision regard-
ing the correct perimeter may involve subjective judgments 
based on experience on the part of the reviewing neurora-
diologist. It is valuable to have one neuroradiologist make 
all of the measurements during central review in order to 
reduce variability. When follow-up studies are obtained, it 
is important to review the volumetric analysis of the new 
study in close comparison to the prior study in order to 

maintain consistency. When volumetric analysis is used to 
follow the size of smaller lesions with a minimum lesion 
diameter of 10 mm (e.g. brain metastasis), a slice thickness 
of 3 mm skip 0 mm is an ideal compromise between high 
resolution and increasing time required for image acquisi-
tion. Ideally, a tumor should be visible and measured on at 
least three slices for volumetric assessment to limit variabil-
ity due to inadequate sampling.

Comparison of Diameter and Volumetric 
Approaches

At least four studies have compared the value of diame-
ter and volumetric approaches to the detection of response 
in clinical trials [15,18–20]. These studies have shown that 
three perpendicular diameters to estimate volume had the 
lowest degree of concordance with 1D (single linear meas-
urement as in RECIST), 2D (two orthogonal measurements 
as in the Macdonald criteria) and volumetric approaches. 
The volumetric approach gave a very low degree of 
intra- and inter-reader variability. Of signifi cant interest, the 
computer-assisted volumetric approach yielded a higher 
response rate than did the single linear (1D) measure-
ments. This is likely secondary to the higher sensitivity of 
the computer assisted measurements to tumor size, as the 
volumetric approach excludes the non-enhancing portion 
of the tumor (which is unlikely to respond to treatment) 
and also covers the entire enhancing tumor volume rather 
than measuring only a single diameter [15]. For instance, 
PR would have been declared in 8% of 284 scans using the 
1D measurement compared to 17% using the volumetric 
approach.

Correlations of response criteria for 1D (RECIST) and 2D 
(Macdonald) diameter approaches versus the computer-
assisted volumetric approach have not been closely exam-
ined. Table 49.1 provides a comparison based on diameters 
of idealized spherical lesions. Further research will be nec-
essary to determine the correct values for most accurate 
response rate comparisons.

 CR PR SD PD Comment

RECIST (1D) 100%↓ �30%↓ All others �20%↑ Sum of single linear measures (see text)

Macdonald (2D) [16] 100%↓ �50%↓ All others �25%↑ Product of two orthogonal diameters

Volumetric extrapolated from RECIST*  100%↓ �66%↓ All others �73%↑ Computer-assisted volumetrics
(volume versus 1D)

Volumetric extrapolated from Macdonald  100%↓ �65%↓ All others �40%↑ Computer-assisted volumetrics
(volume versus 2D)

Volumetric (as per [21]) 100%↓ �50%↓ All others �25%↑ Computer-assisted volumetrics

* Extrapolation refers to taking the single largest diameter of a lesion (i.e. RECIST) and converting that to a volume (V � 4/3πr3) assuming 
a spherical lesion. CR: complete response; PR: partial response; SD: stable disease; PD: progressive disease; RECIST: response evaluation 
criteria in solid tumors.

T A B L E  4 9 - 1  Comparison of response criteria for different measurement schemes. Percent change refers to change in 
measurement compared to baseline (CR, PR and SD) or best response/nadir (SD, PD)
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NEW IMAGING TECHNIQUES
A number of exciting new approaches in brain tumor 

imaging have become possible as a result of advances in 
MRI technology. While the value of these techniques is still 
being defi ned, it is likely that they will fi nd their place along-
side routine anatomical imaging in both clinical trials and 
routine clinical patient care, particularly when highly spe-
cifi c antitumor treatment strategies, such as antiangiogen-
esis factors, are administered.

Proton Magnetic Resonance Spectroscopy 
(1H-MRS)

Specifi c metabolic changes within tumor tissue can be 
determined with 1H-MRS in a semiquantitative manner, 
thus providing complementary information to routine ana-
tomical imaging [22]. A number of changes in proton spec-
tra are seen within glial tumors. Elevation of the ‘choline’ 
resonance is thought to be a consequence of increased syn-
thesis and turnover of membrane phospholipids that corre-
lates with cell density in gliomas [23]. The choline resonance 
is compared to the creatine resonance from contralateral 
normal brain [24] or, in some studies, to NAA (N-acetyl-
aspartate). Concentrations of the lipids and lactate can also 
be determined.

Intrinsic limitations of 1H-MRS at 1.5 T include insuf-
fi cient spectral resolution and signal-to-noise to measure 
additional specifi c metabolites of interest, poor spatial reso-
lution with resultant volume averaging and technical chal-
lenges involved in obtaining adequate spectra. Careful choice 
of the site of voxel placement is crucial, since a number of 
artifacts can degrade the signal. Voxels taken along the rim 
of peripheral enhancement yield more informative spectra 
than those taken from a centrally necrotic region of a malig-
nant glioma. The heterogeneity of tumors argues for the use 
of multivoxel spectroscopic imaging over the use of single 
voxel MRS.

To date, studies have shown decreases in levels of 
choline during or following therapy in brainstem gliomas 
in children treated with radiotherapy [25], low-grade glio-
mas treated with temozolomide [26] and brain metastases 
treated with radiosurgery [27]. A caveat is that the presenta-
tion of averaged values from a study group may obscure a 
substantial degree of variation that can lessen the value of 
the fi ndings in individual cases.

Dynamic Vascular Imaging Techniques
Dynamic MRI techniques can be used to measure key 

aspects of tumor vascularity in vivo. Two important fea-
tures of tumor vasculature are the density of capillaries and 
the permeability of these vessels. Increased vessel numbers 
lead to elevated cerebral (i.e. tumor) blood volume (rCBV), 
which can be measured relative to normal brain by per-
fusion MRI techniques. Thus, rCBV provides regional anal-
ysis of capillary density in gliomas. In adult astrocytomas, 

rCBV values correlate well with histopathologic grade and 
survival [2]. An rCBV value of �1.5 correlates well with the 
presence of high-grade tumor and with decreased survival 
in patients with diffuse astrocytomas. Low-grade oligoden-
drogliomas may have elevated rCBV and enhancement 
which is likely secondary to the increased capillary den-
sity in all grades of this histopathologic subset. Treatment 
related decreases in rCBV have been demonstrated in 
patients with progressive malignant gliomas undergoing 
therapy with the antiangiogenesis agent thalidomide [28].

Capillary permeability can be determined by rate and 
degree of tumor tissue enhancement following bolus admin-
istration of gadolinium. Early data have suggested that per-
meability analysis is more sensitive and specifi c than blood 
volume maps and routine gadolinium enhanced MRI in 
identifying high-grade tumors and in distinguishing pro-
gressive tumor from radiation necrosis [29]. Relationships 
between capillary permeability and response to treatment 
have not been reported.

Diffusion Imaging
Diffusion-weighted imaging (DWI) is sensitive to the 

Brownian movement of water molecules within and sur-
rounding tumor cells [30]. This movement can be mea-
sured in multiple planes, providing not only a diffusion rate, 
but also a direction of movement (i.e. a diffusion tensor). 
Diffusion tensor imaging (DTI) has been shown to be of value 
in differentiating primary and metastatic tumors [31]. In the 
vasogenic edema surrounding brain tumors, there is elevated 
diffusion of water along compact white matter tracts such as 
those found in the corpus callosum and the optic radiations. 
A lower rate of diffusion and more isotropic movement is 
seen in the white matter surrounding primary tumors, pre-
sumably due to the presence of infi ltrating tumor, compared 
to the diffusion features of vasogenic edema surrounding a 
brain metastasis [32].

In densely cellular tumors, there is relative restriction 
in the diffusion of water, whereas areas of necrosis or less 
densely cellular tumor have elevated levels of diffusion. For 
this reason, the value of diffusion imaging in assessment of 
therapeutic response is under investigation [22,33]. If tumors 
or areas within tumors with the highest cell density are more 
likely respond to treatment, then DWI may be able to predict 
response or provide a tool to measure early response.

Molecular Imaging
This is a rapidly emerging fi eld of research that seeks to 

achieve in vivo imaging of molecular processes within brain 
tumor cells [34]. In one example of the use of MRI to image 
‘smart probes’, tumor cell specifi c uptake of monocrystal-
line iron-oxide nanoparticles (MION) by tumor cells can be 
achieved due to the high concentration of transferrin recep-
tors (ETR) on the cells of some tumors. These cells thus have 
a high rate of MION endocytosis and the MION particles can 
be imaged with MRI. In another example that has been tested 



in experimental models, cells can be induced to overexpress 
ETR and these cells can then be selectively detected in vivo 
by MRI after administration of MION particles. Stem cells 
labeled with superparamagnetic ferumoxide-poly-L-lysine 
complexes have permitted imaging analysis of the localiza-
tion of these cells to tumor in glioma-bearing mice [35].

Paramagnetic chelates that have the capacity to change 
their magnetic properties upon enzymatic hydrolysis are 
under investigation. For instance, a gadolinium galacto-
pyranose substrate demonstrates increased relaxivity fol-
lowing β-galactosidase mediated hydrolysis. Thus, the 
presence of ectopically expressed β-galactosidase can be 
indirectly detected by MRI. ‘Magnetic nanosensors’ are 
being developed that may be able to detect specifi c DNA or 

RNA sequences. Enzymes such as tyrosinase, which have a 
high metal binding capacity, might also be imaged with MRI 
when overexpressed. The value of these new approaches 
has yet to be determined [34].

SUMMARY
MRI is an important tool in the day-to-day clinical man-

agement of patients with brain tumors and in the assessment 
of new therapeutic agents in clinical trials. In this chapter, 
we have pointed out the special issues relating to the use of 
imaging in these trials and discussed the exciting technolog-
ical advances that are already in use, as well as those that are 
in development.
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INTRODUCTION
Each year, more than 200 000 people are newly diag-

nosed with a primary or metastatic brain tumor. Accurate 
diagnosis and grading of brain tumors are critical to deter-
mining prognosis and therapy. Imaging plays a critical role 
in these processes. Certain imaging characteristics, such 
as the pattern of enhancement and alteration of signal on 
magnetic resonance imaging (MRI), or density alterations 
on computed tomography (CT), suggest a brain tumor. 
However, imaging of brain tumors is frequently not so 
straightforward. Many entities can mimic a brain tumor. 
These mimics of tumors include infl ammatory, infectious, 
demyelination and cerebrovascular diseases, among others. 
Once the diagnosis has been made and treatment initiated, 
it is important to determine response to therapy and differ-
entiate tumor recurrence from treatment-related compli-
cations. In the following chapter, we discuss pitfalls in the 
neurological imaging of brain tumors categorized by loca-
tion: extra-axial, the meninges and intra-axial. We will focus 
on the mimics of brain tumors in each location.

IMAGING FEATURES

Extra-axial and Meningeal Tumors
Meningioma and lymphoma are common extra-axial 

brain tumors. A common mimic of these lesions is sarcoido-
sis, which may be diffi cult to distinguish from a brain tumor 
[1]. Low signal intensity on diffusion-weighted images (DWI) 
helps distinguish sarcoidosis from lymphoma or meningi-
oma, which is often mildly hyperintense on DWI.

Infectious granulomas such as tuberculosis may mimic 
meningiomas. Pulmonary involvement, as well as clini-
cal parameters, can help differentiate these entities. Other 
infectious etiologies which can present with ring enhancing 
lesions simulating brain tumor include aspergillosis and 
toxoplasmosis. These patients are often immunocompro-
mised. Paranasal sinus disease is usually the origin for the 
intracranial aspergillus.

Intracranial foreign body granulomas can simulate men-
ingiomas. Gel foam, shunt tubing, suture, cotton or acrylate 
monomer can cause similar MRI imaging characteristics. Low 
signal on T1-weighted images, heterogeneous high signal on 
T2-weighted images and contrast enhancement are the typi-
cal MRI features [1]. Close correlation with history regarding 
type of surgery and length of time from surgery can assist in 
the diagnosis.

Whenever meningioma is a diagnostic consideration, 
other neoplastic processes which should be considered 
include lymphoma, dural-based metastasis and plasmacy-
toma. Of note, the dural tail sign, which is often associated 
with a meningioma, is a pitfall, as it can be seen with any 
lesion involving the dura.

Meningeal enhancement is seen in leptomeningeal 
metastases or even primary tumors such as lymphoma. It is 
important to differentiate leptomeningeal from pachymenin-
geal or dural enhancement. Other causes of leptomeningeal 
enhancement include infectious meningitis (bacterial, tuber-
culosis, fungal, syphilis and viral), granulomatous meningitis 
(sarcoidosis), subacute subarachnoid hemorrhage, subacute 
cerebral infarction and Sturge-Weber syndrome. Differential 
considerations for dural or pachymeningeal enhancement 
include infection (skull base osteomyelitis), intracranial 
hypotension, iatrogenic etiologies (post-craniotomy or shunt 
insertion), venous thrombosis and granulomatous meningi-
tis (sarcoidosis). Correlation with the history usually narrows 
the differential diagnosis. Idiopathic intracranial hypoten-
sion shows diffuse pachymeningeal enhancement, as well as 
other fi ndings including the ‘sagging’ brain.

In addition to enhancement, hyperintensity of the 
cerebrospinal fl uid (CSF) on fl uid attenuated inversion-
recovery (FLAIR) imaging is often noted with leptomenin-
geal metastases. Other processes, such as subarachnoid 
hemorrhage and infection, can result in similar hyperinten-
sity. Bright CSF on FLAIR imaging is not always indicative of 
subarachnoid disease. If the patient has been administered 
100% O2, the CSF may be bright. Bright CSF can also be a 
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result of diffusion of gadolinium contrast into the CSF in 
the setting of renal insuffi ciency.

Intra-Axial Lesions
Cerebral infarction is one of the most common mimics 

of a brain tumor. It is usually straightforward to differenti-
ate brain tumor from infarct, especially if the clinical his-
tory is known and the characteristic imaging fi ndings are 
seen in a vascular distribution. When there is an atypical 
clinical course or unreliable history, differentiating cerebral 
infarction from brain tumor may be diffi cult (Figure 50.1).

An acute ischemic stroke may show an ill-defi ned cere-
bral lesion with mass effect, with or without parenchymal 
enhancement. These fi ndings are similar to a glioma. DWI 
is crucial in this setting and usually will demonstrate a 
greater degree of hyperintensity (i.e. restricted diffusion) in 
the setting of an infarct, as compared to neoplasm. However, 
this may not be conclusive and short-term follow-up is nec-
essary in these patients.

Subacute infarction is even more likely to mimic a brain 
tumor. Subacute infarction often demonstrates contrast 
enhancement. Moreover, DWI may be falsely negative 
as pseudonormalization of the apparent diffusion coeffi -
cient can mask the infarction on imaging. Variable contrast 
enhancement can also mimic a neoplasm. However, the 
vascular distribution, gyral enhancement and minimal to no 
mass effect are more characteristic of subacute infarction.

Venous infarction may simulate brain tumor as it 
does not occur in a vascular territory, has more extensive 
white matter lesions, can show hemorrhagic change, has 
irregular contrast enhancement, and can appear similar 
to peritumoral edema. If a lesion is not in a typical vascu-
lar distribution or there are multifocal high signal changes 
on T2-weighted imaging, further inspection for evidence 
of venous infarction should be made via MR venography 
(Figure 50.2).

Hematoma may be indistinguishable from brain 
tumor. History and follow-up imaging can help make this 
differentiation.

A large aneurysm with surrounding edema may mimic 
a brain tumor. If the aneurysm is partially or completely 
thrombosed, it may exhibit ring enhancement or periph-
eral calcifi cations as imaging features. Laminated calcifi ca-
tion morphology may be characteristic.

Tumefactive multiple sclerosis (MS) can mimic brain 
tumors such as gliomas (Figure 50.3). The lack of mass effect 
and edema may help in the differential diagnosis. Also, 
incomplete rim enhancement and mildly restricted diffu-
sion are typical of MS lesions.

A B C

FIG. 50.1. A 49-year-old male with seizure activity and loss of consciousness. (A) T2-weighted MR image shows infi ltrative area of 
increased signal involving both gray and white matter in the right MCA distribution mimicking infarct. (B) FLAIR sequence reveals mild 
gyral thickening and surrounding edema and mild mass effect. (C) Of note, there is mild restricted diffusion on the DWI sequences, 
not to the degree expected with infarction. Findings suggest infi ltrative tumor. Subsequent biopsy yielded oligodendroglioma.

A B

FIG. 50.2. This is a 36-year-old HIV-positive female with a 
3-day history of global headache. (A) On MRI, FLAIR sequence 
shows a heterogeneous signal mass involving white and gray 
matter, with surrounding edema which could suggest neoplasm, 
however, this is non-specifi c. (B) Coronal MR venogram shows left 
transverse dural venous sinus thrombosis (arrow) and indicates the 
parenchymal lesion is actually a hemorrhagic venous infarct.



Intracranial parenchymal sarcoidosis can also mimic 
a brain tumor. The fi ndings of neurosarcoidosis are 
non-specifi c. Parenchymal lesions may be either solitary 
or multiple and can be infratentorial or supratentorial. 
They usually exhibit moderate edema. It is diffi cult to 
distinguish sarcoid from brain tumors such as glioma, 
metastases or lymphoma. Associated fi ndings may include 
involvement of the basal leptomeninges and cranial 
nerves.

Neurosyphilis is becoming more common, due to the 
spread of AIDS worldwide. Focal meningovascular neuro-
syphilis (cerebral gumma) can present as solitary or multi-
ple ring enhancing subcortical masses.

Differentiating cerebral abscesses from necrotic tumor 
is diffi cult on conventional MRI. DWI helps in distinguish-
ing these entities. Increased signal in diffusion-weighted 
imaging and decreased apparent diffusion coeffi cient (ADC) 
values suggest brain abscesses (Figure 50.4). The converse 

A B C

FIG. 50.3. In this 48-year-old female with weakness and suspected multiple sclerosis, there are several periventricular lesions in 
the deep white matter of both cerebral hemispheres present on the initial FLAIR sequences (A). One of the lesions shows thick rim 
enhancement in the posterior right frontal lobe following gadolinium administration raising the possibility of neoplasm (B). However, 
the lack of enhancement of several other periventicular lesions (arrow), as well as partial interval decrease in size and enhancement 
on the 7-month follow-up examination, suggests demyelination (C).

D

A B C

FIG. 50.4. In this 69-year-old male 
with 3-day history of weakness and 
dizziness a contrast-enhanced MRI 
was performed which demonstrated a 
heterogeneous mass in the right frontal 
lobe with surrounding increased FLAIR 
signal consistent with vasogenic edema 
(A). Administration of intravenous 
gadolinium confi rms circumferential 
rim enhancement suggesting primary 
or metastatic brain malignancy (B). 
Diffusion-weighted imaging (DWI) con-
fi rms marked increased signal (C), sug-
gesting parenchymal abscess. Further 
work-up later revealed a cavitary left 
upper lobe lung lesion (D). Biopsy 
revealed Nocardia infection.
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is true for brain tumors. In addition, the ring enhancement 
of an abscess is typically smooth and thinner adjacent to 
the ventricular system. The capsule of an abscess often 
shows low T2 and high T1 signal. In contrast, an irregu-
lar and thickened rim of enhancement is typical of brain 
tumors.

In the HIV patient, differentiating toxoplasmosis from 
lymphoma may be diffi cult, as both may demonstrate ring 
enhancement. Further differentiation may be made utiliz-
ing positron emission tomography (PET) imaging and MR 
spectroscopy.

RECURRENCE VERSUS TREATMENT-
RELATED COMPLICATIONS

The diagnosis of radiation necrosis on imaging remains 
challenging, in part because the pattern of abnormal 
enhancement closely mimics that of recurrent brain tumor 
(Figure 50.5). Tumor recurrence is suggested by new, nodu-
lar enhancement. In contrast, treatment-related complica-
tions, such as post-radiation therapy changes, necrosis and 
abscess formation, usually will not demonstrate new nodu-
lar enhancement. 

MRI manifestations of radiation necrosis are cystic 
or fi nger-like foci of abnormally increased signal intensity 

within white matter on T2WI images. Rim or possibly nod-
ular enhancement may be present [2–4], as there is often 
diffuse damage to the blood–brain barrier. The degree of 
enhancement can vary with time. The enhancement pat-
tern may be heterogeneous and lesions may appear discon-
tinuous with surrounding areas of non-enhancing necrosis. 
Vasogenic edema and regional mass effect may be minimal 
or extensive. These fi ndings are often non-specifi c and may 
not permit differentiation from tumor recurrence.

Assessment of ADC ratios in the enhancing regions of 
a brain tumor, during the follow-up evaluation after ther-
apy, may be useful in differentiating radiation effects from 
tumor recurrence or progression [5]. Additionally, numer-
ous metabolic imaging techniques have been evaluated to 
help distinguish recurrent neoplasm from radiation related 
post-treatment changes. Previous studies have demon-
strated diminished levels of choline-containing compounds 
in brain parenchyma affected by chronic radiation necrosis 
as compared with tumor, which typically shows an elevated 
choline to creatine ratio [6]. Positron emission tomography 
utilizing 18F-FDG will also assist in differentiating neoplasm 
from radiation necrosis by determining relative glucose 
metabolism [7,8]. Despite advances in metabolic imaging, 
differentiating recurrent neoplasm from radiation necrosis 
remains diffi cult.

A B C

FIG. 50.5. A 51-year-old male with history of right lacrimal adenocystic carcinoma following intraoperative high dose rate brachy-
therapy and external beam radiation therapy now presents with persistent headache. Initial T1-weighted gadolinium enhanced MRI 
images reveal a rim-enhancing lesion in the frontal lobe adjacent to the orbital apex which enlarged over a 7-month period (arrow) 
(A, B). Differential diagnosis of a recurrent rim-enhancing lesion included tumor extension versus radiation necrosis. Initial PET evalua-
tion of the brain was normal. Two year delayed follow-up T1-weighted contrast enhanced images reveal resolution of the rim-enhancing 
signal abnormality (C), confi rming radiation necrosis.
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INTRODUCTION
Leptomeningeal meningitis (LM) is the third most com-

mon CNS metastatic complication of systemic cancer and, 
additionally, is seen in patients with primary brain cancers. 
Due to the fact that the entire neuraxis is contained by a 
cerebrospinal fl uid (CSF) compartment which circulates, all 
regions of the CNS may be involved by LM which can result 
in multifocal neurological signs and symptoms. Diagnosis 
is problematic, as the disease is often not considered due to 
the pleomorphic manifestations of LM and occurrence in 
patients with extra-neural sites of metastases. Useful tests 
to establish diagnosis and guide treatment include mag-
netic resonance imaging (MRI) of the brain and spine, CSF 
cytology and radioisotope CSF fl ow studies. Assessing the 
extent of CNS disease radiographically in patients with LM 
is of clinical value, as documenting large volume subarach-
noid bulky disease or CSF fl ow obstruction is prognostically 
signifi cant and may change treatment. This review sum-
marizes the three most frequently used neuroradiographic 
imaging modalities to evaluate patients with LM, including 
cranial and spine magnetic resonance imaging (MRI) and 
radioisotope CSF fl ow studies (Table 51.1).

COMPARATIVE CRANIAL COMPUTED 
TOMOGRAPHY AND MR IMAGING

Leptomeningeal metastasis is found at autopsy in 5% of 
patients with systemic cancers [2]. Premorbid diagnosis is 
much less frequent, refl ecting failure to consider the diag-
nosis of LM or diffi culty in making the diagnosis [2–4].

LM is diagnosed clinically when malignant cells are 
found by cytologic examination of the CSF. Multiple exami-
nations of the CSF may be required to make the diagno-
sis [2–4]. CSF cytology is negative in 40–50% of patients in 
whom the diagnosis is confi rmed at the time of autopsy. 
Both cranial (CT) and MRI following IV contrast adminis-
tration (CE-CT/MR-Gd) have demonstrated abnormalities 
consistent with LM and may be used to make the diagnosis 
of LM regardless of CSF cytology [5].

Cranial CE-CT is abnormal in approximately 26–56% of 
patients with LM [5–9]. The CE-CT abnormalities include:

1 sulcal-cisternal enhancement
2 ependymal-subependymal enhancement
3 irregular tentorial enhancement
4 cisternal or sulcal obliteration
5 subarachnoid enhancing nodules
6 intraventricular enhancing nodules
7 communicating hydrocephalus [5–9]. In addition, up to 

60% of patients with cranial CE-CT fi ndings suggestive 
of LM have coexistent parenchymal metastases.

Two prior reports discuss results of MR in patients with 
LM; in both, MR performed without contrast enhancement 
was compared to CE-CT [10,11]. Of the total of 30 patients 
reported, MR without gadolinium was abnormal in 35% com-
pared with 53% evaluated with CE-CT. CE-CT was, therefore, 
considered superior to non-contrast MR in the evaluation of 
patients with LM. The regions of abnormal sulcal, cisternal, 
ependymal and tentorial enhancement seen with CE-CT had 
normal signal intensity on non-contrast MR.

Mathews compared CE-CT with Gd-MR in experimen-
tal bacterial meningitis in a canine model [12]. Unenhanced 
MR was not helpful in identifying meningitis in that study. 
However, T1-weighted (T1W) Gd-MR was superior to CE-CT 
in detecting abnormal leptomeningeal enhancement and 
complications of meningitis including cerebritis and ven-
triculitis. Similar fi ndings were demonstrated also by Frank 
in a rabbit model of meningeal carcinomatosis [13]. Sze com-
pared spinal Gd-MR with CT-myelography in 12 patients with 
LM [14]. They concluded that spinal Gd-MR was competitive 

CHAPTER 51

Neuroradiology of Leptomeningeal 
Metastases

Marc C. Chamberlain

T A B L E  5 1 - 1  Leptomeningeal metastases disease staging [1]

CSF analysis for pathologic confi rmation
Contrast-enhanced MR or CT brain scans
Contrast MR spine imaging or CT myelography in patients with 
spinal cord dysfunction 
CSF fl ow study using ventricular reservoir
Spine imaging in patients with spinal cord CSF fl ow block if not 
previously performed



with, and sometimes superior to, CT-myelography in demon-
strating intradural extramedullary spinal diseases in LM.

Data from Chamberlain indicate that Gd-MR is the 
preferred imaging modality for diagnosing LM and suggest 
that CE-CT may be unnecessary [15]. These authors found 
T1W post-contrast axial and coronal images especially useful 
for demonstrating the abnormalities seen in LM. Gd-MR had 
a higher specifi city and sensitivity than CE-CT in the evalu-
ation of LM (Table 51.2). All abnormalities detected by CE-CT 
were detected also by Gd-MR. Despite the superiority of Gd-
MR to CE-CT in the evaluation of LM, both modalities had 
a high incidence of false negative studies (30% by Gd-MR, 
58% by CE-CT) in this study of 14 patients with CSF positive 
LM. Normal fi ndings by either or both examinations do not 
exclude a diagnosis of LM. LM is a histologic diagnosis and 
often is diagnosed by the demonstration of neoplastic cells  in
the CSF. However, in instances of a non-diagnostic CSF exam-
ination, Gd-MR may be diagnostic of LM (Figures 51.1–51.14). 

FIG. 51.1. T1W axial MRI with gadolinium. Intraventricular 
nodules in the left ventricular atrium, third and left lateral ventri-
cles (breast cancer).

T A B L E  5 1 - 2  Comparison of MR imaging and cranial CT in 
leptomeningeal metastases [15]

Findings Imaging techniques

Abnormal enhancement 71% 29%
Nodules 43% 36%
 Subarachnoid 36% 29%
 Parenchymal 43% 29%
Hydrocephalus  7%  7%

FIG. 51.2. T1W axial MRI with gadolinium. Bilateral frontal 
lateral convexities subarachnoid tumor (breast cancer).

FIG. 51.3. T1W axial MRI with gadolinium. Focal subarach-
noid tumor left lateral parietal convexity (breast cancer).
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FIG. 51.4. T1W coronal MRI with gadolinium. Focal sub-
arachnoid tumor left lateral parietal convexity (breast cancer).

FIG. 51.5. T1W coronal MRI with gadolinium. Bilateral frontal 
lateral convexities subarachnoid tumor (breast cancer).

FIG. 51.6. T1W coronal MRI with gadolinium. Bilateral frontal 
lateral convexities subarachnoid tumor (breast cancer).

FIG. 51.7. T1W sagittal MRI with gadolinium. Subarachnoid 
tumor over superior convexity frontal lobe (breast cancer).
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FIG. 51.8. T1W sagittal MRI with gadolinium. Enhancement 
of falx (melanoma).

FIG. 51.9. T1W coronal MRI with gadolinium. Subarachnoid 
nodules in right and left sylvian cisterns (melanoma).

FIG. 51.10. T1W coronal MRI with gadolinium. Subarachnoid 
tumor with lateral and inferior subarachnoid space of left tempo-
ral lobe (melanoma).

FIG. 51.11. T1W sagittal MRI with gadolinium. Multiple sub-
arachnoid nodules both ventral and dorsal to cervical and upper 
thoracic spinal cord (non-small cell lung cancer).
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In the majority of patients with LM, Gd-MR is most useful 
in demonstrating bulky disease, a pattern of disease most 
responsive to radiotherapy.

COMPARATIVE SPINAL IMAGING
Only a limited number of studies have evaluated spine 

imaging in patients with LM [4,7,15–25]. However, a sig-
nifi cant percentage of patients with LM will require spine 
imaging for one of several indications, including: sup-
portive evidence in arriving at a diagnosis of LM; defi ning 
regions of bulky disease (e.g. subarachnoid nodules); eval-
uating possible coexistent epidural spinal cord compres-
sion or intraparenchymal spinal metastases; and defi ning 
regions of CSF fl ow interruption. Three methods of spine 
imaging are available including computerized tomographic 
myelography (CT-M), contrast-enhanced spine magnetic 
resonance imaging (S-MR) and 111indium-DTPA CSF fl ow 
studies (FS). A study by Chamberlain compared the three 
methods of spine imaging in a series of 61 patients with LM 
[27] (Table 51.3).

Leptomeningeal metastasis occurs in approximately 
5% of patients with cancer, of whom in 10–15% the initial 
presentation of cancer is with LM [15]. The diagnosis of 
LM is made by sampling CSF for malignant cells, however, 
approximately 40% of patients proven to have LM at post-
mortem will have negative CSF cytology ante-mortem [27]. 
This suggests a high incidence of LM which is cytologically 
negative thereby requiring corroborative tests to assist in 
diagnosing LM. These tests include a clinical syndrome 

FIG. 51.14. T1W coronal MRI with gadolinium. Thick sub-
arachnoid tumor overlying the left frontal lateral convexity (pros-
tate cancer).

FIG. 51.12. T1W sagittal MRI with gadolinium. Multiple sub-
arachnoid nodules both ventral and dorsal (dorsal � ventral) to 
thoracic spinal cord (non-small cell lung cancer).

FIG. 51.13. T1W sagittal MRI with gadolinium. Multiple sub-
arachnoid nodules involving the lumbar sac and cauda equina 
(non-small cell lung cancer).
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consistent with LM, CSF biochemical markers of LM (e.g. 
chorio-embryonic antigen) and neuroradiographic stud-
ies documenting fi ndings compatible with LM [4,15–18]. 
In the study by Chamberlain cited above, 15% of patients 
(9/61) were felt to have LM notwithstanding negative CSF 
cytology [26]. The diagnosis of LM in this group of patients 
was confi rmed by either a compatible clinical syndrome or 
neuroradiographic fi ndings (cranial or spinal) consistent 
with LM. In two-thirds of these patients (6/9), post-mortem 
examination of the central nervous system was performed 
confi rming the ante-mortem diagnosis of LM and substan-
tiating the utility of both neuroradiographic and clinical 
examination in diagnosing patients with LM and negative 
CSF cytology. From the post-mortem study of LM by Glass 
referenced above, a discrepancy exists regarding the inci-
dence of patients with negative CSF cytology and autopsy 
proven LM. It is probable that a number of patients with 
LM and negative CSF cytology were not diagnosed, either 
because they were not referred for evaluation or these 
patients had extensive systemic disease and were managed 
with supportive care only.

A number of studies have evaluated patients with 
LM by spine imaging, usually employing either CT-M or 
S-MR [4,16–25]. However, relatively few studies have com-
pared both CT-M and S-MR in patients with LM [7,20]. 
Myelographic features characteristic of LM include: paral-
lel longitudinal striations due to thickened nerved roots in 
the cauda equine; nerve root sleeve fi lling defects; widen-
ing of the spinal cord; varying degrees of CSF fl ow block; 
subarachnoid nodules and scalping of the subarachnoid 
membranes [4,7,16,19,20,22]. Similar fi ndings are seen with 
contrast-enhanced spine-MR which, in addition, dem-
onstrates pial-enhancement of the spinal cord, termed by 
Kramer ‘sugar coating’ [7,20–25].

The study of 61 patients with LM cited above sequen-
tially studied by FS, CT-M and S-MR demonstrated
similar fi ndings to those previously described [4,7,15–25]. 
However, in contrast to children, the incidence of spinal 
imaging abnormalities in patients with asymptomatic LM 
appears lower in adults (approximately 20% for any given 
spinal imaging study). An increased rate of spinal imaging 
abnormalities is seen in adult patients with symptomatic 

LM defi ned as either cerebral, cranial nerve or spinal cord 
dysfunction with percentages approximating those found in 
children (approximately 50–70% for any given spinal imaging 
study). Very few discordant studies (�10%) were observed 
when comparing CT-M and S-MR in the above mentioned 
study and, in general, CT-M and S-MR were complemen-
tary in evaluating patients with LM. The differences were 
usually quantitative and not qualitative, notwithstanding 
that S-MR better demonstrated coexisting epidural spinal 
cord compression and intradural intramedullary spinal 
cord metastases, two CNS complications of metastatic sys-
temic cancer requiring emergent radiotherapy. Therefore, 
S-MR would appear to be the preferable spine imaging 
modality for patients with LM requiring spine imaging,
not only because of its comparability to CT-M but, addi-
tionally, because S-MR is non-invasive, has a very low rate 
of procedure-related morbidity and is associated with 
greater patient acceptability (Figures 51.15–51.20).

T A B L E  5 1 - 3  Abnormalities of spine imaging as a function of clinical presentation

 Clinical presentation
 
 Normal neurological Cerebral Cranial nerve Spinal cord Multilevel
 examination dysfunction palsies dysfunction dysfunction

Number of patients (% Total) 14 (23%) 3 (5%) 21 (34%) 30 (49%) 6 (10%)
Imaging modality  (# of patients with abnormal study)
CT-M  0 1  7 16 5
S-MR  1 3  5 15 4
FS  1 2  6 18 6

CT-M: computerized tomographic myelography; S-MR: contrast enhanced spine magnetic resonance imaging; FS: 111indium-DTPA CSF fl ow study.

FIG. 51.15. T1W sagittal MRI with gadolinium. Multiple sub-
arachnoid nodules both ventral and dorsal to cervical spinal cord 
(ependymoma).
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FIG. 51.16. T1W sagittal MRI with gadolinium. A large sub-
arachnoid nodule ventral to the thoracic spinal cord immediately 
above tumor affecting the lumbar space (ependymoma).

FIG. 51.17. T1W sagittal MRI with gadolinium. A corpus cal-
losum based tumor with dissemination to the collicular cistern and 
fl oor of the fourth ventricle (glioblastoma).

FIG. 51.18. T1W sagittal MRI with gadolinium. Subarachnoid 
tumor nodules ventral and dorsal to cervical spinal cord 
(ependymoma).

FIG. 51.19. T1W coronal MRI with gadolinium. Intraventricular
tumor extending from the right lateral ventricle subsaendyma (pri-
mary CNS lymphoma).
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FS have in prior reports demonstrated their superior-
ity in detecting interruption of CSF fl ow in patients with LM 
when compared with CT-M and S-MR [15,18]. The above 
mentioned study corroborates and expands upon this prior 
experience [26]. Interruption of CSF fl ow with loculation or 
compartmentalization of CSF as documented by FS patho-
logically appears to be a consequence of minimal tumor 
volume resulting in tumor adhesions of the subarachnoid 
space. These subarachnoid adhesions are below the radio-
graphic sensitivity of either CT or MR imaging. However, FS 
are informative only with respect to compartmentalization 
of CSF and provide no information regarding bulky leptome-
ningeal disease, an aspect of LM best addressed by CT-M 
or, preferably S-MR. Failure of radionuclide to appear in a 
given CSF compartment is operationally defi ned as CSF fl ow 
block [18]. In vivo CSF fl ow is assessable by MR techniques 
and, in the future, detection and quantifi cation of CSF fl ow 
by MR may obviate the need for radionuclide CSF fl ow stud-
ies [29,30]. Finally, although infrequently present in patients 
with LM, both CT-M and S-MR are superior to FS in detect-
ing epidural spinal cord metastases. Abnormalities of CSF 
fl ow, as demonstrated by FS, are therapeutically addressed by 
administering involved-fi eld radiotherapy to the obstructed 
site of CSF fl ow. Approximately 50% of patients with an 
intracranial disturbance of CSF fl ow and 30% of patients with 
a disturbance of CSF fl ow intraspinally will have restored 
normal CSF fl ow as assessed by post-radiotherapy FS after 

irradiation [18]. Radionuclide CSF fl ow studies, or so-called 
radionuclide ventriculography, provide a safe physiologi-
cal assessment of the functional anatomy of the CSF spaces 
[15,18]. Compartmentalization of CSF as documented by FS 
is an important consideration in patients with LM consid-
ered for intra-CSF chemotherapy, as homogeneous distri-
bution of administered chemotherapy within CSF is critical 
for effective treatment [15,18]. In patients with LM not con-
sidered candidates for intra-CSF therapy, for example in a 
patient with leukemic meningitis being treated with cranio-
spinal irradiation, CSF fl ow studies would not be required as 
part of staging the extent of LM.

In conclusion, patients with LM frequently require 
spine imaging and, based on the discussion above, it is 
suggested both S-MR and FS provide the best neuroradio-
graphic assessment. S-MR is superior for detecting bulky 
disease, whereas FS best demonstrates interruption of CSF 
fl ow. Patients with LM require an extent of leptomeningeal 
disease assessment before institution of radiotherapy or 
intra-CSF chemotherapy. Spine imaging is an important 
component of this neuroradiographic assessment best 
served by utilizing both S-MR and FS. In patients with a 
normal neurological examination and LM, S-MR evalua-
tion may be deleted. FS, however, should be performed in 
this patient population with LM and normal neurological 
examination. If interruption of CSF fl ow is documented 
by FS, S-MR should then be performed to assess for bulky 
leptomeningeal disease. In patients with abnormal neuro-
logical examinations, either bulky disease (best detected by 
S-MR) or CSF compartmentalization (best detected by FS) 
occurs suffi ciently often to warrant combined study with 
both S-MR and FS.

RADIOISOTOPE CSF FLOW STUDIES
Radionuclide cerebrospinal fl uid (CSF) fl ow studies 

or so-called radionuclide ventriculography provide a safe 
physiologic assessment of the functional anatomy of the 
CSF spaces [31–33]. CSF circulates through the ventricular 
system and subarachnoid space that surrounds both the 
brain and spinal cord (Figure 51.21). Normally, CSF fl ows 
anteriorly in the lateral ventricles through the foramen of 
Monro and into the third ventricle. CSF then fl ows caudally 
from the third ventricle through the aqueduct of Sylvius 
into the fourth ventricle. Exit of CSF from the fourth ven-
tricle is directed into the dorsal spinal subarachnoid space 
through the foramen of Magendie and into the basal cis-
terns through the lateral foramina of Luschka. Passage of 
CSF through the foramen of Magendie into the vallecula 
and the beginning of downward fl ow into the dorsal cervi-
cal subarachnoid space precedes the exit of CSF from the 
foramina of Luschka. CSF then fl ows caudally through the 
dorsal spinal subarachnoid space, followed by ascent of 
CSF in the ventral spinal subarachnoid space. Completion 
of the normal pattern of CSF circulation is by ascent from 
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FIG. 51.20. T1W axial MRI with gadolinium. Intraventricular 
tumor dissemination with ependymal implants in the right and left 
lateral ventricles (primary CNS lymphoma).



T A B L E  5 1 - 4  Adult leptomeningeal metastases: normal compartmental appearance of 111indium-DTPA following intraventricular 
administration [41]

 mCi111indium-DTPA Ventricular CSF compartment: time to appearance (minutes)
  system 
   Cisterna magna/basal Spinal subarachnoid
   cisterns 
    Cervical cord Thoracic cord Lumbar cord Sylvian cisterns

Median  700 1 5 15 20 30 50
Range 500–900 0–5 5–15   5–20 10–20 25–50 35–90

the basal cisterns toward the superior sagittal sinus by way 
of migration over the cerebral convexities and along medial 
routes through the suprasellar and quadrigeminal cisterns 
[31–33]. Normal times of radionuclide appearance in ana-
tomically separable CSF compartments have been estab-
lished by radionuclide ventriculography [18,34–36].

CSF fl ow studies permit detection of CSF fl ow abnor-
malities which are often not apparent by conventional 
neuroradiographic imaging [26,34–36]. Approximately 50% 
of patients with LM will manifest CSF fl ow abnormalities, 
most commonly at the base of brain, spinal subarachnoid 
space (especially at the level of the conus medullaris and 
cauda equina), and over the cerebral convexities [26,34–36]. 
CSF fl ow studies are more sensitive in demonstrating com-
partmentalization of CSF pathways than are MR spine, CT 
myelography and cranial MR or CT imaging [18,26,34]. This 
review summarizes fi ve studies highlighting the importance 
of radionuclide CSF fl ow studies in both the treatment 

and outcome of patients with leptomeningeal metastases 
[18,26,34,37,38].

Table 51.4 demonstrates the normal times of appear-
ance of 111indium-DTPA in various CSF compartments fol-
lowing intraventricular injection of radionuclide in 30 adult 
patients with leptomeningeal metastases [18]. These studies 
were performed in a consecutive series of 60 adult patients 
(Figures 51.22 and 51.23). In a similar study, performed in 
children, the normal time to appearance of radioisotope in 
various CSF compartments following ventricular injection 
is seen in Table 51.5 [34]. In a separate study, 20 consecutive 
adult patients with leptomeningeal metastases were evalu-
ated by intralumbar administered 111indium-DTPA (Table 
51.6). Results from patients in this study with normal CSF 
fl ow studies can be seen in Table 51.3 [36].

In a study of 30 consecutive patients with cytologi-
cally documented leptomeningeal metastases, all patients 
underwent intraventricular 111indium-DTPA CSF fl ow stud-
ies [18]. Sixteen patients (53%) had normal 111indium-DTPA 
CSF fl ow studies. Fourteen patients (47%) had documented 
compartmentalization of the CSF system. In four patients 
(13%), unsuspected CSF block was confi ned to the base 
of the brain with absent spinal descent and poor cerebral 
convexity ascent of 111indium-DTPA. All patients received 
whole-brain irradiation and two (50%) were subsequently 
shown to have restored normal CSF fl ow. In 10 other 
patients (33%), suspected (8) and unsuspected (2) spinal 
blocks were seen. Patients with spinal blocks underwent CT 
myelography or spine MR and were subsequently treated 
with involved-fi eld irradiation. Following radiation therapy, 
normal CSF fl ow studies were achieved in only four patients 
(40%) with documented spinal cord blocks.

In a study of 61 consecutive adult and pediatric patients 
with leptomeningeal metastases as defi ned by positive 
CSF cytology or a clinical syndrome and compatible neu-
rographic fi ndings (cited above), all patients at presenta-
tion underwent CT myelography (CT-M), spine MR (S-MR)
and ventricular 111indium-DTPA CSF fl ow studies [26]. In 
57% of patients, all three spine imaging modalities were 
normal. Forty-three percent of patients demonstrated 
abnormalities on spine imaging; 33% had abnormal radio-
isotope CSF fl ow studies, 34% showed abnormalities on 
S-MR and 33% had abnormalities by CT-M. Radioisotope 
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FIG. 51.21. Diagram of normal CSF fl ow.
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FIG. 51.22. 111-indium DTPA 
CSF fl ow study. Radioisotope 
injected into an Ommaya device 
implanted in the right lateral ventri-
cle showing normal CSF fl ow.

T A B L E  5 1 - 5  Pediatric leptomeningeal metastases: normal compartmental appearance of 111indium-DTPA CSF fl ow studies 
following intraventricular administration [41]

 CSF compartment: time to appearance (minutes)
 
 Ventricular Cisterna magna/basal Spinal subarachnoid
 system cisterns 
   Cervical cord Thoracic cord Lumbar cord Sylvian cisterns

Median  1 5 8 15 35 80
Range 0–3 3–5 5–10 10–30 20–45 60–90

FIG. 51.23. 111-indium DTPA CSF fl ow study. 24-hour delayed 
study showing CSF obstruction over lateral cerebral convexities.
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fl ow studies were most sensitive for detecting interruption 
of CSF fl ow, whereas CT-M and S-MR better demonstrated 
nerve root thickening, cord enlargement, subarachnoid 
nodules, intraparenchymal cord tumor and epidural spinal 
cord compression.

In a study of 40 adult patients with cytologically docu-
mented leptomeningeal metastases, all were demonstrated 
to have interruption of CSF fl ow by radionuclide ventricu-
lography [38]. All patients were treated with radiotherapy 
(30 Gy and 10 fractions) to the site of CSF obstruction after 
which intra-CSF chemotherapy (methotrexate or cytara-
bine followed by cytarabine or thio-TEPA if clinically indi-
cated) was administered. Twenty patients (Group I) after 
radiotherapy to the site of CSF fl ow abnormality, demon-
strated re-establishment of normal CSF fl ow. By contrast, 
20 patients (Group II) treated in a similar manner had per-
sistency of CSF fl ow obstruction. All patients were treated 
with intraventricular chemotherapy. Median survival was 
6 months in Group I (range 3–15 months) compared with 
1.75 months in Group II (range 1–4 months). Cause of death 
differed between groups with 20% of Group I patients dying 
of progressive leptomeningeal disease compared with 70% 
of Group II patients.

Radionuclide CSF fl ow studies provide a physiologic 
assessment of the functional anatomy of the various CSF 
compartments [18,31–36]. Normal times of radionuclide 
appearance in CSF compartments in these various stud-
ies are similar to those reported in the literature. The pat-
tern of CSF circulation time to appearance of regionally 
administered chemotherapy is similar whether given
antegrade by Ommaya reservoir administration or by
intralumbar administration. The results of these vari-
ous studies suggest that 111indium-DTPA or 99Tc macro-
aggregated albumin CSF fl ows studies are more sensitive 
in demonstrating compartmentalization of CSF pathways 
than are enhanced spine MR imaging, CT myelography
or enhanced cranial MR/CT imaging [18,26,34,37]. The rea-
sons for this increased sensitivity may refl ect the dynamic 
nature of radioisotope CSF fl ow studies, whereby radionu-
clide is passively carried by CSF bulk fl ow in a physiologic 
antegrade manner. Therefore, radioisotope CSF fl ow stud-
ies in both adult and children with LM demonstrate CSF

compartmentalization, a critical issue in intra-CSF drug dis-
tribution. Furthermore, both intracranial compartmentali-
zation and spinal subarachnoid block are better visualized 
by radioisotope CSF fl ow studies than comparative neuro-
radiographic studies [18]. Treatment of CSF fl ow blocks by 
involved-fi eld radiotherapy and re-establishment of nor-
mal CSF fl ow documented by post-treatment radioisotope 
CSF fl ow studies ensure both homogeneous distribution 
of chemotherapy administered via CSF and treatment of 
the entire neuraxis. A mechanism of leptomeningeal meta-
static relapse appears to involve CSF compartmentaliza-
tion, thereby interrupting intra-CSF drug distribution [38]. 
Recurrent leptomeningeal metastases with CSF compart-
mentalization is therapeutically diffi cult to treat, notwith-
standing the application of intra-CSF chemotherapy, often 
with a change in drug therapy and radiotherapy to involved 
regions.

CSF fl ows as a consequence of both transmitted 
choroidal arterial pulsations and due to bulk fl ow resulting 
from continuous CSF production; therefore, when radioiso-
tope is administered intraventricularly, fl ow is expected to 
the level of CSF obstruction [31,33]. It is less clear how CSF 
fl ows below a CSF obstruction, as for example when docu-
mented by an intralumbar radionuclide CSF fl ow study, 
perhaps spinal dural venous plexus pulsations contribute 
to cephalad fl ow.

In general, CSF compartmentalization, demonstrated by 
radionuclide CSF fl ow studies, often proves recalcitrant to 
medical therapy [18,26,34,37]. Similar to prior reports, follow-
ing CSF block directed radiotherapy, only 50% of base of 
brain and 40% of spinal subarachnoid block respond with 
restoration of normal CSF fl ow. No patient failing radio-
therapy in a variety of studies has demonstrated re-estab-
lishment of normal CSF fl ow when treated with intra-CSF 
chemotherapy [18,26,34,37,38]. Interruption of CSF fl ow with 
compartmentalization of CSF, as documented by 111indium-
DTPA CSF fl ow studies, pathologically appears to be a con-
sequence of minimal tumor volume resulting in tumor 
adhesions of the subarachnoid space. These subarachnoid 
space adhesions are below the radiographic sensitivity of 
either CT or MR imaging. However, CSF fl ow studies are 
informative only with respect to compartmentalization of 

T A B L E  5 1 - 6  Normal compartmental appearances of 111indium-DTPA following intra-lumbar administration to adult patients with 
leptomeningeal metastases [40]

 mCi111indium-DTPA CSF compartment: time to appearance (minutes)
 
  Spinal subarachnoid  Cisterna Sylvian Ventricular Cerebral
     magna/basal cisterns system convexities
  Lumbar Cord Thoracic cord Cervical cord cisterns

Median 500 1 22.5 32.5 37.5 65 1440 1440
Range 450–600 0–1 20–25 30–35 35–40 60–70 1440 1440
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the CSF and provide no information regarding bulky lep-
tomeningeal disease, an aspect of leptomeningeal metas-
tases best addressed by conventional cranial or spinal 
neuroradiographic imaging (Table 51.7)[15,18,26,34,40,41].

The rationale for radioisotope CSF fl ow studies is 
straightforward; intra-CSF chemotherapy, to be effective, 
assumes homogeneous distribution of chemotherapy 
within CSF compartments, thereby ensuring exposure of 
tumor cells to chemotherapy regardless of location in the 
CSF or leptomeninges. Therefore, patients studied by CSF 
fl ow studies before administration of intra-CSF chemo-
therapy who demonstrate obstruction of CSF fl ow, would 
appear to be poor candidates for regional chemotherapy 
unless normal communications of CSF can be re-estab-
lished. Two recent studies suggest that radioisotope CSF 
fl ow studies have prognostic signifi cance in patients with 
leptomeningeal metastases and independently predict 
patient’s survival in patients with leptomeningeal metas-
tases who are considered candidates for intra-CSF therapy 
[15,38,41].

In conclusion, radioisotope CSF fl ow studies in patients 
with leptomeningeal metastases appear to have at least 
two practical uses. First, radioisotope CSF fl ow studies, by 
documenting CSF fl ow, predict for homogeneous distri-
bution of intra-CSF chemotherapy. Notwithstanding this 
observation, no study has documented differences in CSF 
drug levels above and below sites of CSF fl ow interruption 
as demonstrated by radioisotope CSF fl ow study. Secondly, 
in patients with CSF fl ow obstruction refractory to site of 
obstruction therapy including involved-fi eld radiotherapy 
and intra-CSF chemotherapy, limited survival, rapid lep-
tomeningeal disease progression, and death due to pro-
gressive CSF disease is predicted. CSF fl ow obstruction 
documented by radioisotope fl ow study is another criterion 
by which to assess patients for applicability of intra-CSF 
chemotherapy, independent of the patient’s Karnofsky per-
formance status, neurologic disability and extent and activ-
ity of systemic disease.

CONCLUSIONS
Magnetic resonance imaging with gadolinium enhance-

ment is the technique of choice to evaluate patients with 

suspected leptomeningeal metastasis [15]. Because LM 
involves the entire neuraxis, imaging of the entire CNS is 
required in patients considered for further treatment. T1-
weighted sequences, with and without contrast, combined 
with fat suppression T2-weighted sequences, constitute the 
standard examination [42]. MRI has been shown to have a 
higher sensitivity than CE-CT in several series [15,21] and is 
similar to CT-M for the evaluation of the spine, but signifi -
cantly better tolerated [26,43].

Any irritation of the leptomeninges (i.e. due to blood, 
infection or cancer) will result in their enhancement on 
MRI, which is seen as a fi ne signal-intense layer that follows 
the gyri and superfi cial sulci. Subependymal involvement 
of the ventricles often results in ventricular enhancement. 
Some changes, such as cranial nerve enhancement on 
cranial imaging and intradural extramedullary enhancing 
nodules on spinal MR (most frequently seen in the cauda 
equina) can be considered diagnostic of LM in patients 
with cancer [44]. Lumbar puncture itself can rarely cause a 
meningeal reaction leading to dural-arachnoidal enhance-
ment, so imaging should be obtained preferably prior to 
the procedure [45]. MR-Gd still has a 30% incidence of false 
negative results so that a normal study does not exclude the 
diagnosis of LM. On the other hand, in cases with a typical 
clinical presentation, abnormal MR-Gd alone is adequate 
to establish the diagnosis of LM [15,33,44].

Radionuclide studies using either 111indium-diethyl-
enetriamine pentaacetic acid or 99Tc macro-aggregated
albumin, constitute the technique of choice to evaluate
CSF fl ow dynamics [46,47]. Abnormal CSF circulation
has been demonstrated in 30–70% of patients with LM,
with blocks commonly occurring at the skull base, the spinal 
canal and over the cerebral convexities [26, 47,48]. Patients 
with interruption of CSF fl ow demonstrated by radionuclide 
ventriculography have been shown in three clinical series
to have decreased survival when compared to those with 
normal CSF fl ow [38,47,49]. Involved-fi eld radiotherapy 
to the site of CSF fl ow obstruction restores fl ow in 30% 
of patients with spinal disease and 50% of patients with 
intracranial disease [50]. Re-establishment of CSF fl ow
with involved-fi eld radiotherapy followed by intrathe-
cal chemotherapy led to longer survival, lower rates of
treatment-related morbidity and lower rate of death
from progressive LM, compared to the group that had
persistent CSF blocks [26,47]. These fi ndings may refl ect 
that CSF fl ow abnormalities prevent homogeneous
distribution of intrathecal chemotherapy, resulting in:
(1) protected sites where tumor can progress; and (2) accu-
mulation of drug at other sites leading to neurotoxicity and 
systemic toxicity. Based on this, many authors recommend 
that intrathecal chemotherapy be preceded by a radionu-
clide fl ow study and, if a block is found, that radiotherapy 
be administered in an attempt to re-establish normal
fl ow [50,51].

T A B L E  5 1 - 7  Comparison of spine imaging in 
leptomeningeal metastases [27]

Patient Image modality
population 
(n � 63) Spine MR CT-myelography CSF fl ow study

57% normal
43% abnormal 34% 33% 33%
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CLINICAL BACKGROUND
Spinal cord compression is a dreaded complication of 

metastatic cancer that can lead to paraplegia or quadri-
plegia making early diagnosis imperative. It has been esti-
mated that 5% of patients with systemic cancer at autopsy 
were found to have pathologic evidence of tumor invading 
the extradural space [1,2]. Although nearly all malignan-
cies can involve the spine and/or epidural space, myeloma, 
breast carcinoma, prostate carcinoma, lung carcinoma and 
lymphoma are the most common because of the frequency 
of these tumors and their propensity to metastasize [3].

Multiple epidural metastases have been reported in 
approximately 9–49% of patients with epidural spinal cord 
compression (ESCC) [4–8] and the site of epidural metas-
tatic disease varies from 68% in the thoracic spine, 16% in 
the lumbosacral spine and 15% in the cervical spine [9]. Of 
those patients with spinal metastatic disease, close to 20% 
will have at least two sites of epidural involvement at some 
time during the course of the disease [10]. Though multi-
plicity has been associated with specifi c tumor type [6], this 
has not been confi rmed by other investigators [11]. The 
incidence of ESCC is expected to increase due to improved 
survival of cancer patients. Additionally, in those patients 
who survive long enough, recurrent spinal epidural metas-
tasis is not uncommon [12,13]. In a study of 103 patients, 
van der Sande et al showed that recurrent spinal epidural 
metastasis occurred in 19% of the patients with prior spi-
nal epidural metastases, and slightly more often in the 
patients with breast cancer (21%) than in the patients with 
other primary tumors (17%) [12]. Because of this potential 
for multiple epidural metastases and their association with 
ESCC, many authorities advocate diagnostic imaging of the 
entire spine [5,11].

Clinically, metastatic epidural spinal cord compres-
sion is nearly always preceded by back pain or neck pain, 
which typically is weeks to months in duration [14]. In fact, 
back pain is the initial symptom in 80–96% of patients [3] 

and may be local or radicular. Adams et al illustrated the 
importance of ensuring congruity of the localizing sensory 
level and the radiographic fi ndings as they showed false-
localization of thoracic sensory level in the setting of cer-
vical cord compression [15]. Weakness (76%), bowel and 
bladder function (57%) and sensory loss (35–51%) may also 
be seen at the time of diagnosis [3].

Many variables infl uence the functional outcome of ESCC 
with the pre-treatment neurologic status being the most 
important determinant of functional prognosis [16–18]. 
Bowel and bladder dysfunction is an unfavorable prog-
nostic sign [3] and the extent of subarachnoid block is 
related to degree of motor and sphincter dysfunction [18,19]. 
Furthermore, the degree of thecal sac/cord compression 
correlates positively with the degree of neurologic impair-
ment [20,21] and is directly related to functional outcome 
[22]. The presence of vertebral body collapse is also an 
ominous fi nding [23]. The duration of sensory and motor 
changes has been considered an important prognostic fac-
tor [24]. However, other studies have shown that the dura-
tion of the worst degree of neurologic dysfunction may be a 
more important prognostic factor than the entire duration 
of weakness [19].

The radiosensitivity of the primary tumor is also 
an important prognostic factor for the clinical response 
[3,18,25–27]. Breast, prostate, small cell lung cancer, lym-
phoma and multiple myeloma are most radiosensitive, 
while renal cell and melanoma are extremely radioresistant 
[25,27]. Studies have found that 74% of paraparetic patients 
with radiosensitive tumors became ambulatory after radia-
tion therapy; however, only 34% of those harboring less 
radiosensitive tumors were able regain ambulation [3,28].

PATHOLOPHYSIOLOGY
Spinal tumors can be organized according to location 

as extradural, intradural, extramedullary or intramedullary. 
However, this is a simplifi cation as a single tumor can reside 
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in more than one compartment. Alternatively, lesions with 
the same pathology may occur in different compartments. 
In general, metastatic tumors are far more common in the 
extradural space [29].

Several anatomic metastatic patterns of spinal epi-
dural metastases have been proposed [1,19,25–27,30]. The 
most commonly proposed mechanism is by arterial spread 
to bone marrow, which results in vertebral body collapse 
and formation of an anterior epidural mass [1,26]. In a pro-
spective study of 59 patients with ESCC, Kim et al found 
hematogenous spread to the spine in 51 cases (86%) [19]. 
Experimental models have supported this theory of arterial 
seeding by demonstrating medullary expansion of tumor 
cells upon systemic injection of tumor cells in mice [31]. The 
vertebral body is involved more commonly than the poste-
rior elements, presumably because of its large volume and 
its highly vascular marrow, which promotes proliferation of 
tumor cells [30]. In a study based on computed tomography 
(CT) of the vertebral column, pedicle destruction was identi-
fi ed only in the presence of vertebral body involvement [32]. 
The initial location of metastases is within the posterior ver-
tebral body correlating to the basivertebral arterial plexus 
[32]. Subsequently, the basivertebral veins or other penetrat-
ing vessels provide entry into the valveless epidural venous 
sinuses [31,33], which can lead to circumferential soft tissue 
compression of the spinal cord in 22% of cases [30]. Such 
hematogenous dissemination from vertebral bone metas-
tases to the dura is a frequent pathway in patients with breast 
carcinoma [34]. Alternatively, there may be direct infi ltration 
of the dura from vertebral lesions [30,35].

Another suggested mechanism of spinal epidural metas-
tases is via the intervertebral foramina from a paravertebral 
source [19,25,30]. Kim et al found direct extension from a 
paravertebral mass through bone or intervertebral foramina 
in eight of 59 cases (14%) [19]. This transforaminal pattern 
comprises a signifi cantly smaller proportion, approximately 
10%, of spinal epidural metastases cases [30] and is fre-
quently associated with lung cancer and lymphoma [19,36]. 
Epidural extension of lymphoma from a vertebral body is 
also common [37]. Spread of epidural tumor along nerve 
roots or their lymphatics is a controversial route of spread 
[33,38].

The pathophysiology of neurologic symptoms may be 
due to a vascular phenomenon. It is hypothesized that the 
soft tissue material may impinge upon the epidural venous 
plexus resulting in venous hypertension and vasogenic edema 
[1,25,39]. This venous hypertension may be complicated 
by hematomyelia at the site of vascular compression [31]. 
Epidural tumor itself [25,30] or vertebral body collapse with 
extradural mass [27] may also have direct mass effect on the 
spinal cord leading to neurologic deterioration.

EPIDURAL ANATOMY
Given the frequent involvement of the extradural 

compartment in neoplastic disease, it is important to 

understand the anatomy of the epidural space (Figure 
52.1). The epidural space surrounds the dural sac and is 
bounded by the posterior longitudinal ligament anteriorly 
and the ligamenta fl ava and the periosteum of the laminae 

FIG. 52.1. (A) Illustration in the sagittal plane of the individual 
components of the lumbar spine including intrathecal and extra-
dural/epidural spaces. Illustration by Laurie Persson. University of 
Virginia Health System. (B) Illustration in the axial plane through 
the lumbar spine demonstrates the soft tissue components of 
the spinal canal, including the leptomeningeal and dural layers. 
Illustration by Laurie Persson. University of Virginia Health System.
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posteriorly. The lateral boundaries are the pedicles of the 
spinal column and the intervertebral foramina containing 
their neural elements. The epidural space communicates 
freely with the paravertebral space through the interverte-
bral foramina. At its superior extent, the space is anatomi-
cally closed at the foramen magnum where the spinal dura 
attaches with the endosteal dura of the cranium. Caudally, 
the epidural space ends at the sacral hiatus, which is closed 
by the sacrococcygeal ligament [40,41]. As the size of the 
dural sac relative to the epidural space decreases at the 
L4–L5 level, the posterior longitudinal ligament falls away 
from the anterior dura and fat fi lls the anterior epidural 
space [41].

The epidural space contains loose areolar connective 
tissue, fat, lymphatics, arteries and an extensive plexus 
of veins, as well as the spinal nerve roots as they exit the 
dural sac. The epidural venous plexus is a valveless system 
that communicates with the basivertebral vein, the intra-
cranial sigmoid, occipital and basilar venous sinuses and 
the azygous system [40,41]. In the thoracolumbar region 
(T10–L2), the basivertebral vein originates from this venous 
plexus and extends into the vertebral bodies.

In the cervicothoracic region, there is minimal epidural 
fat and the dura contacts the lamina. The posterior epidural 
space is continuous with a thin layer of epidural fat between 
the lamina and the dura (Figure 52.2). In comparison, in 
the lumbar region, the anteroposterior dimension of the 
posterior epidural space is greater, averaging 5.0–6.0 mm 
in adult males (Figure 52.3) [40]. Areas of epidural fat under 
the ligamentum fl avum of the lumbar spine extend under 
the laminae, but are separated by areas where the posterior 
dura contacts, but does not adhere to, the periosteum of the 
lamina. Contact with the pedicles also divides the posterior 
epidural space from the lateral epidural space [42].

The anterior dura adheres tightly to the posterior lon-
gitudinal ligament, which stretches across the interverte-
bral disks to form the anterior epidural space between the 
posterior longitudinal ligament and the periosteum of the 
vertebral body [40]. The dura and posterior longitudinal liga-
ment blend with the annular ligament, dividing the anterior 
epidural space into vertical compartments at each vertebral 
level. In areas immediately next to the intervertebral disks, 
dense connective tissue extensions extend superiorly and 
inferiorly, further dividing the anterior epidural space into 
lateral halves. In the lumbar region, a membranous extension 
of the posterior longitudinal ligament joins with the neural 
elements laterally and isolates the anterior epidural space 
from the posterior and lateral epidural space [42]. In case of 
lumbar vertebral metastasis associated with anterior epi-
dural carcinomatous infi ltration, Hutzelmann et al observed 
that infi ltrations tend to respect the midline [43]. This phe-
nomenon was observed to be uni- or bilateral in 88.3% of 
all cases with intraspinal anterior epidural carcinomatous 
infi ltration, especially in that part of the vertebral body 
where the basal vertebral venous plexus was located [43]. 

FIG. 52.2. Sagittal T1-weighted image of the thoracic spine 
demonstrates the relatively diminutive amount of epidural fat 
(arrows) in comparison to the lumbar spine in Figure 52.3.

It is likely due to the anatomy of the vertebral body and espe-
cially its stabilization by the posterior longitudinal ligament. 
This imaging feature may be helpful in delineating vertebral 
body metastases with epidural infi ltration from intraspinal 
processes, which proceed with the destruction of the verte-
bral body.

IMAGING
The diagnosis of epidural spinal cord compression 

requires demonstration of extrinsic compression of the the-
cal sac by tumor. Currently, magnetic resonance imaging 
(MRI) is the most specifi c and sensitive diagnostic tool for 
evaluating spinal lesions due to neoplasm [31]. However, it 
is useful to consider the appearance of spinal tumor with 
other modalities. Specifi cally, this may be of importance in 
patients in whom MRI is contraindicated (e.g. pacemaker, 
aneurysm clip, certain cochlear implants).
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Radiography
Plain radiographs are widely utilized and inexpensive, 

but a have high false negative rate of 10–17% [2]. At least 
50% of bone must be destroyed before it is radiographically 
detected [26,27] and pedicular erosion predicts epidural 
disease in only 31% of cases (Figure 52.4) [26]. Moreover, 
radiographs cannot evaluate paraspinal tumor invasion 
through the neural foramina or soft tissue impingement of 
the thecal sac [27]. If there are multiple lesions, it may be 
diffi cult to assess which is the clinically relevant lesion with 
radiographs alone [25].

Despite these limitations, bone destruction is often 
seen with ESCC; the series by Kim et al demonstrated 86% 
of patients had vertebral body destruction at the level of 
ESCC [19]. In another study [44], epidural tumor occurred in 
87% of patients with major vertebral body collapse, in 31% 
of those with pedicle erosion and no major collapse and 
in only 7% of those with metastases restricted to the verte-
bral body without collapse. Radiographic abnormalities 

with symptoms have an even greater predictive value; 
Rodichok et al found that 91% of patients with back pain and 
myelopathy/radiculopathy and evidence of bone destruction 
on radiographs had ESCC [45,46]. However, in cases of lym-
phoma, plain radiographs are not as useful, as bony destruc-
tion is seen only in 30–42% of patients [36]. Preservation of 
the disk space suggests infectious disease over metastases [26].

Myelograpghy and CT Myelography
Before the widespread availability of MRI, myelogra-

phy was the gold standard for the evaluation of ESCC, with 
the advantage of obtaining a CSF sample at the time of the 
procedure. In myelography, intrathecal contrast opacifi es 
the intradural/subarachnoid space and demonstrates epi-
dural metastases as extradural defects. Typically, coven-
tional myelography and post-myelographic CT are equally 
sensitive to MR imaging for epidural metastases that cause 
cord compression. However, Carmody et al found MRI to be 
more sensitive than conventional myelography when cord 
compression had not yet developed, enabling detection 
of spinal metastases that are subtly encroaching upon the 
subarachnoid space due to improved cross-sectional reso-
lution [47]. The addition of cross-sectional anatomy of CT 
to myelography increases detection of bony and paraver-
tebral metastases. CT myelography may be helpful in cases 
where magnetic susceptibility artifact from orthopedic 
hardware on MRI obscures the spinal canal [48].

Myelography is relatively safe and accurate for the 
evaluation of ESCC. However, numerous disadvantages 
make it a less attractive diagnostic procedure. Although not 
a signifi cant concern in this population of patients, expo-
sure to ionizing radiation should be considered seriously. 

FIG. 52.3. Sagittal T1-weighted image of the lumbar spine 
demonstrates relatively abundant amount of epidural fat (arrows) 
in comparison to the thoracic spine.

A B

FIG. 52.4. (A) Lateral radiograph of the thoracic spine dem-
onstrating pathologic compression deformities of two mid-tho-
racic vertebral bodies at the level of known ESCC. (B) Posterior 
anterior radiograph of the thoracic spine in a different patient 
demonstrates loss of height and pedicular erosion (arrows) of a 
lower thoracic vertebral body secondary to metastatic disease.
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Myelography requires an invasive procedure to introduce 
intrathecal contrast agents and both the puncture and the 
contrast agent can produce side effects and, rarely, sig-
nifi cant adverse reactions. The side effects of water-soluble 
contrast media are well known. Certain medications are 
contraindicated as they lower the seizure threshold and 
have to be withheld for a period of time. Some patients are 
unable to tolerate the procedure because of discomfort. 
There is also a risk of further neurologic deterioration after 
lumbar puncture [49], nerve root avulsion [50] and punc-
ture site hematomas that can occasionally lead to death 
[51–53]. When there are two areas of myelographic block, 
the study may not be able to demonstrate the extent of 
either lesion or detect an intervening lesion in the unopaci-
fi ed segment. Although CT myelography will allow assess-
ment of the spinal canal in cases with apparent block, in 
some cases, a second puncture with contrast injection ros-
tral to the block may be required to delineate the superior 
extent of the epidural disease [11]. Because of these limita-
tions, myelography should be reserved for those patients 
who cannot undergo a technically adequate MRI. For exam-
ple, this would include those patients with MRI incompati-
ble hardware including pacemakers or with metallic foreign 
bodies close to vital structures.

Computed Tomography
Unenhanced CT is relatively insensitive for identify-

ing extradural metastatic involvement. However, as bone 
destruction is often seen with ESCC, O’Rourke et al found 
the presence of cortical disruption around the neural canal 
to be highly associated with epidural compression [54] and 
CT, in particular, provides better delineation of cortical bone 
than MRI. Current multidetector spiral CT with reformations 
may be able to provide a screening tool; however, the soft tis-
sue contrast is poor as compared to MRI (Figure 52.5). Other 

applications of CT, which are useful to obtain histiologic 
diagnosis, include CT-guided or CT fl uoroscopically guided 
biopsy of paraspinal and epidural masses (Figure 52.6) [9].

Nuclear Medicine
Nuclear medicine modalities (such as bone scan and 

[18F]fl uoro-deoxyglucose positron emission tomography 
(PET FDG)) are often used in the assessment of metastatic 
disease; however, they are of limited utility in the evalua-
tion of spinal epidural disease. Radionuclide bone scan-
ning is a relatively sensitive tool for diagnosing vertebral 

A B C

FIG. 52.5. (A) Unenhanced axial CT image (bone algorithm) through thoracic vertebra demonstrates a destructive lesion involving 
the body (black arrow) and right pedicle (white arrow) from metastatic renal cell carcinoma. (B) Unenhanced axial CT image (soft 
tissue algorithm) through thoracic vertebra demonstrates soft tissue component eroding the vertebral body and pedicle, extending into 
the epidural space and compressing the spinal cord (arrows). (C) Axial T2-weighted MRI image through the same level as (A)and (B) 
illustrates better soft tissue delineation, particularly the mass effect on the thecal sac (arrows), as compared to the CT.

FIG. 52.6. Axial CT image with the patient in the prone posi-
tion demonstrates biopsy needle traversing percutaneouly into the 
paravertebral mass, which was proven to be lymphoma.
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body metastases. However, there is a high frequency of 
false positive results with a specifi city of only 53% [26], 
and it is limited in its ability to defi ne the anatomic extent 
of destruction which requires further imaging for further 
delineation. Furthermore, it is not helpful in the detec-
tion of spinal cord compression. Some studies have found 
that MRI is more sensitive than single-photon emission 
computed tomography (SPECT) bone scintigraphy for the 
detection of metastatic disease [47,48,55,56], but may not 
be as sensitive for the detection of small metastases in the 
posterior elements [57]. Very active lesions that might not 
be visible on a bone scan are generally detectable on MRI 
[29]. Metser et al studied the role of 18F-FDG positron emis-
sion computed tomography (PET)/CT in the assessment of 
secondary malignant involvement of the spinal column. Of 
242 lesions, 18F-FDG PET alone detected signifi cantly more 
malignant lesions than did CT alone (96% versus 68%, 
respectively); however, this modality only detected epidural 

extension of tumor, neural foramen involvement of tumor, 
or a combination of both in 33% of cases [58]. Fusion of 
metabolic PET data with cross-sectional CT anatomy 
can help localize metastatic disease to the epidural space 
(Figure 52.7) [59].

Magnetic Resonance Imaging
With advancements in imaging techniques, MRI has 

become the fundamental diagnostic imaging modality in 
the evaluation of spinal epidural metastasis [14,47,60–63]. 
MRI not only demonstrates the presence and extent of 
bony involvement but also, most importantly, delineates 
the presence and location of paravertebral and epidural 
extension and the degree of neural compromise and the-
cal sac impingement. It is non-invasive and has increased 
sensitivity relative to CT or myelography. In contrast to 
plain radiographs, CT, myelography and CT myelography, 
MRI does not use ionizing radiation, which is particularly 
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FIG. 52.7. PET imaging was performed 
45 minutes after the injection of 15 mCi 
F-18 FDG. (A) Maximum intensity projection 
image shows the overall pattern of exten-
sive hypermetabolic metastatic disease. (B) 
Sagittal PET-CT images demonstrate intense 
hypermetabolism along the distribution of 
the epidural space from T1 to T10 (upper 
panel: FDG-PET alone on the left, combined 
more PET and less CT on the right; lower 
panel: combined less PET and more CT on 
the left, CT alone on the right). Courtesy 
of H. Jadvar, MD PhD. (From Fusion 
positron emission tomography-computed 
tomography demonstration of epidural 
metastases. Clinical Nuclear Medicine. 
2004;29(1): 39–40).
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advantageous in the lumbar area where gonadal expo-
sure may occur. Additional advantages of MRI include the 
ability to evaluate the spinal cord, nerve roots and disks, 
while their location and morphology can only be inferred 
on plain radiography and less completely evaluated on 
myelography. Furthermore, it is also the only modality able 
to evaluate the internal structure of the cord.

The multiplanar capabilities, as well as the superior soft 
tissue discrimination and contrast resolution of MRI, enable 
a highly accurate evaluation of the nature and extent of epi-
dural lesions [61]. MRI can detect widely separated lesions, 
which may not be identifi ed by CT myelography if they 
cause minimal subarachnoid compression or if they are 
located between two areas of myelographic block. The MR 
protocol in some institutions includes a sagittal screen of the 
entire spine in cases of ESCC. However, this may not identify 
far lateral epidural disease or may be an insuffi cient imag-
ing sequence in severely scoliotic spines. In symptomatic 
epidural metastases, identifying multiple areas of metastatic 
disease is critical, particularly when deciding between sur-
gery or radiotherapy or in the delineation of radiation ports. 
For asymptomatic epidural metastases, Schiff et al showed 
that it may be safe to omit MRI of the cervical spine when 
there is radiographically verifi ed thoracic or lumbar ESCC 
[11]. However, since the likelihood of asymptomatic or  
unsuspected second site of epidural disease is higher in the 
thoracic and lumbosacral spine, thorough imaging of these 
regions is advisable [11].

The fundamentals of MR physics are detailed in other 
sections of this text. Briefl y, an MR image is determined by 
the spatial allocation of individual MR signals that represent 
the corresponding anatomical structure. The magnetic fi eld 
is spatially varied such that the nuclear spins demonstrate 
different precessional frequencies at different positions. 
The frequency and phase of each nuclear spin are acquired 
in the presence of radiofrequency pulsations and magnetic 
gradients and stored in a matrix of voxels (k-space). The MR 
image is a mathematical reconstruction (Fourier transfor-
mation) of these data.

Imaging of the cervical and thoracic spine requires 
higher spatial resolution in comparison to the lumbar spine. 
Also, motion artifact related to swallowing and respiration 
and pulsation from the thoracoabdominal vessels is more 
problematic in the cervical and thoracic spine, respectively. 
To address some of these imaging issues, advanced acqui-
sition techniques have been developed. In conventional 
MR imaging, the phase-encoding steps are performed in 
sequential order by switching a magnetic fi eld gradient and 
this determines the measurement time. With recent tech-
niques such as parallel imaging, the raw data are simulta-
neously acquired at an accelerated pace via two or more 
receiver coils with varied spatial sensitivity [64,65]. Parallel 
imaging exploits the difference in sensitivities between 
individual coil elements in a receive array to reduce the 
number of gradient encoding steps required for imaging. 

The shortened measurement time is of particular ben-
efi t in examinations with breathhold technique. Although 
there may be lower signal-to-noise ratio as compared to 
‘complete’ measurement results, higher resolution may be 
achieved with similar measurement times through phase 
oversampling and averaging. Phased array surface coils, 
which cover a large volume with several smaller coils, are 
used in spine parallel imaging and can be used to achieve 
an optimized signal-to-noise ratio (SNR) over a large fi eld 
of view (FOV) [66]. Phased array coils have an increased 
number of elements to enable faster dynamic scans with 
the consequent reduction of motion artifacts.

Sagittal and axial T1-weighted (short TR [time to 
recovery]/short TE [echo time]) and T2-weighted (long TR/
long TE) are the typical sequences used in the evaluation 
of spinal metastatic disease. Fast spin-echo (FSE) imaging, 
also known as turbo spin-echo, has replaced conventional 
spin-echo (SE) imaging of the spine due to improved time 
effi ciency and image quality [67]. FSE sequences collect 
small segments of k-space after each radiofrequency (RF) 
pulse for excitation [67]. This enables decreased overall 
imaging time, thereby lessening the potential for patient 
motion. Moreover, the time saved can be used for obtaining 
additional signal averages to improve signal.

The FSE strategy is particularly helpful in T2-weighted 
imaging (WI) to take advantage of the long TR intervals 
to accommodate a relatively long echo train. These heavily 
T2-weighted studies produce marked contrast between 
the CSF, the conus medullaris and the extradural tissues. 
However, the fat remains relatively bright in spite of its 
short T2 on FSE sequences and may decrease detection of 
tumor [29,68]. The degree of compromise of the thecal sac, 
spinal cord and nerve roots can be easily assessed on heav-
ily T2-weighted images on which the cerebrospinal fl uid 
(CSF) is particularly bright (Figure 52.8) [69]. However, CSF 
fl ow can create problems including signal loss, spurious sig-
nal and blurred interfaces, particularly on those sequences 
that produce myelographic contrast and for those that sup-
press CSF signal intensity (Figure 52.9) [67]. However, in 
the lumbar spine, CSF pulsation is dramatically dampened 
[67]. While lymphoid malignancies are often isointense 
with marrow on T2-weighted images, most metastatic car-
cinomas and sarcomas give higher signal intensity than fat, 
suggesting that MRI fi ndings may be used to distinguish 
between these pathologies [70]. Sze et al found long TR 
sequences without contrast material showed equally good 
delineation [71]. Additionally, the presence of apparently 
bright disks may be a subtle sign of diffuse replacement of 
normal fatty bone marrow in the vertebrae [72].

T1-weighted FSE imaging is helpful to identify mar-
row replacement processes, such as metastases. Normal 
vertebra in young adults is composed primarily of 
hematopoietic bone marrow containing signifi cant 
amounts of fat (from 25 to 50%) [73]. With aging, the 
marrow is converted to even larger amounts of fat and, 

I M A G I N G  •  543



correspondingly, the mean percent volume of hematopoi-
etic marrow decreases progressively, with the result that in 
the eighth decade of life it is about half of that present in the 
fi rst decade (29.2% versus 57.9%) [74,75]. This is useful in 
detection of pathology, as an abnormal hypointense focus is 
sharply contrasted to the normal hyperintense fatty marrow 
in the adult spine. Tumors tend to be hypointense on non-
contrast T1-weighted images, refl ecting replacement of 
fatty bone marrow, increased water content and hypercel-
lularity (Figure 52.10) [76]. However, in acute compression 
fractures, the distinction between non-neoplastic involve-
ment and tumor replacement of marrow is diffi cult because 
both may display low T1 signal. The former is due to marrow 
edema and the latter due to the tumor itself (Figure 52.11) 
[29]. Post-gadolinium imaging may not be helpful because 
lesions may be obscured as they enhance to the isointen-
sity of the adjacent marrow on the T1-weighted sequences 
(Figure 52.12) [60]. Also, acute compression fractures can 
enhance [29].

Epidural space lesions, however, may be diffi cult to 
detect on unenhanced T1-weighted sequences and fur-
ther evaluation with contrast enhanced images or long TR 
images may be necessary [29,60]. Sze et al demonstrated 
the utility of gadolinium in characterizing possible epidural 

A B

FIG. 52.8. (A) Axial T2-weighted image demonstrates a hypoin-
tense soft tissue mass in the right lateral epidural space (asterisk *) 
causing mass effect on the lateral aspect of the thecal sac. (B) 
Sagittal T2-weighted image in a different patient with proven metas-
tatic renal cell carcinoma demonstrates a large hypointense, het-
erogenous mass causing mass effect on the thoracic spinal cord 
(arrows).

FIG. 52.9. Sagittal T2-weighted image demonstrates CSF pul-
sation artifact in the posterior aspect of the thecal sac (arrows).

FIG. 52.10. Sagittal T1-weighted image demonstrates abnor-
mal hypointense marrow signal throughout a mid-thoracic verte-
bral body (white arrow). A T1 hypointense epidural component 
insinuates anteriorly and posteriorly in the epidural space (black 
arrows). This was biopsy proven lymphoma.
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tumor, in delineating the extent of tumor and in outlining 
regions of spinal cord compression [60,70]. This is helpful 
in the cervical and thoracic spine where there is a relative 
lack of prominent ligaments and epidural fat, which typi-
cally increase the conspicuity of lesions projecting from the 
spine. The timing of post-contrast imaging can be used to 
differentiate tumor from a herniated intervertebral disk; 
the latter demonstrates delayed enhancement (Figure 
52.13) [77]. Early contrast images may help localize tumor 
for biopsy. Enhanced MRI may be used for post-treatment 
assessment of epidural tumor. After radiation therapy, 
decreased vascularity can explain relatively diminished 
enhancement on MR. It is prudent to compare serial images 
with the baseline as untreated epidural neoplasms can vary 
in the degree of enhancement [60]. In some patients, there 
may be a suspicion of spinal cord compression and post-
contrast imaging is essential for demonstrating that there 
is no compressive lesion, but rather an intradural and even 

A B

FIG. 52.11. (A) Sagittal T2-weighted image demonstrates dif-
fusely increased marrow signal due to acute compression fracture 
(arrow). (B) Sagittal STIR image demonstrates diffusely increased 
marrow signal in multiple vertebral bodies (white arrows). There 
is a ventral epidural component associated with the more supe-
rior lesion (black arrow). Patient has history of metastatic well-
differentiated neuroendocrine carcinoma. Courtesy of Alford 
Bennet, MD, University of Virginia Health System.

A B

FIG. 52.12. (A) Unenhanced sagittal T1-weighted image dem-
onstrates an ill-defi ned lesion involving the posterior body and 
pedicle (arrow) of a lumbar vertebral body. The abnormal hypoin-
tensity is conspicuous in a background of normal marrow hyperin-
tensity. (B) Gadolinium-enhanced T1-weighted image demonstrates 
diffuse enhancement of the lesion (arrow), which obscures it in the 
background of hyperintense marrow.

FIG. 52.13. Enhanced T1-weighted image shows a periph-
erally enhancing lesion in the ventral epidural space (arrow) 
extending inferiorly from the L5–S1 disk intervertebral disk space 
which represents herniated disk material.
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intramedullary lesion, which can mimic extradural com-
pressive lesions [29]. Thus, gadolinium-enhanced MRI is 
also helpful to evaluate for subarachnoid seeding (Figure 
52.14). Sze et al have reported the effi cacy with which 
Gd-DTPA can detect even small lesions in the intradural 
extramedullary space [71].

Gradient-echo (GRE) imaging is more often used in 
the cervical and thoracic spine to produce myelogram-like 
images [78,79]. In GRE imaging, the RF pulse is applied 
with a partial fl ip angle (less than 90 degrees) and the gra-
dients are then inverted to refocus the excited spins without 
the application of a 180 degree pulse. Although the absent 
180 degree pulse enables faster imaging, it makes the images 
more susceptible to local fi eld inhomogeneities (Figure 
52.15A). The relatively long TEs and large voxel size in rou-
tine two-dimensional GRE studies result in considerable 
susceptibility artifact at the bone–soft issue interface, which 
exaggerates the true degree of bony canal and neural foram-
inal stenosis [67]. However, by producing a myelographic 

effect with bright CSF, GRE images can delineate regions of 
impingement (Figure 52.15B) [29].

Diffusion-weighted imaging (DWI) is an established 
method for studying cerebral disease processes, but previ-
ous use of diffusion-weighted imaging in the spine has been 
limited for technical reasons [67]. Bauer et al were able to use 
DWI with a steady state free procession sequence to distin-
guish benign vertebral compression fractures from pathologic 
compression fractures [80]. However, Castillo et al showed 
that DWI of the spine had no advantage in the detection 
and characterization of vertebral metastases as compared 
with non-contrast T1-weighted imaging, but was considered 
superior to T2-weighted imaging [81]. Though epidural met-
astatic disease was not specifi cally addressed in their study, 
Eastwood et al demonstrated the utility of DWI in diagnos-
ing epidural abscess [82]. There is the theoretical possibil-
ity that hypercellular epidural metastasis may be detected 
by DWI similar to the utility of apparent diffusion coeffi -
cient (ADC) values in determining high-grade intracranial
tumors [83,84].

Fat saturation techniques can be used to suppress 
the signal from normal adipose tissue to reduce chemical 
shift artifact or improve visualization of uptake of contrast 
material. A frequency-selective saturation radiofrequency 
pulse with the same resonance frequency as that of lipids 
is applied to each slice-selection RF pulse and a homoge-
neity spoiling gradient pulse is applied immediately after 
the saturation pulse to diphase the lipid signal. Thus, the 
signal excited by the subsequent slice selection pulse con-
tains no contribution from lipid. This method is lipid-
specifi c, reliable for tissue characterization and allows good 
demarcation of small anatomic details [85]. Because sub-
tle low-intensity lesions can be obscured by the high signal 
intensity of marrow fat on routine T1-weighted spin-echo 
imaging, suppression of marrow fat can be helpful to detect 

FIG. 52.14. Sagittal post-gadolinium T1-weighted image dem-
onstrating an enhancing lobulated mass (myxopapillary ependy-
moma) involving the conus medullaris and fi lum terminale (white 
arrow) with additional nodular enhancing foci along the cauda 
equine (black arrows).

A B

FIG. 52.15. (A) Axial gradient echo (GRE) image illustrates 
overestimation of spinal canal narrowing due to magnetic suscep-
tibility artifact caused by ligamentum fl avum calcifi cation (white 
arrow) and posterior osteophytes (black arrow). (B) Axial GRE 
image shows effacement of the ventral thecal sac and narrow-
ing of the left neural foramen due to a disk-osteophyte complex 
(arrow).
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metastatic lesions in the spine. This is particularly impor-
tant in the elderly population because of the heterogeneous 
fatty vertebral marrow [86]. Low intensity lesions enhance 
after the administration of gadolinium and can be obscured; 
therefore, fat suppression of post-contrast images can be 
useful to differentiate normally enhancing marrow from a 
pathologic lesion (Figure 52.16). The disadvantages of this 
technique are its susceptibility to static fi eld inhomoge-
neities, misregistration artifact, particularly due to foreign 
bodies like metal or air collections, and unreliability with 
low-fi eld-strength magnets.

Inversion recovery imaging is another method for sup-
pression of fat signal based on differences in the T1 of tis-
sues. In a short T1(tau) inversion-recovery (STIR) sequence, a 
180 degree pulse is applied and the longitudinal magneti-
zation of adipose tissue recovers faster than that of water 
(shorter T1). Subsequently, a 90 degree pulse is applied at 
the null point of adipose tissue, which produces no signal 
whereas water will still produce a signal. This technique is 
less sensitive to magnetic fi eld inhomogeneities and has a 
high sensitivity for the detection of neoplasia because of its 
ability to show the combined effects of prolonged T1 and 

T2 relaxation times of these pathologic tissues in a back-
ground of hypointense fat suppressed marrow (Figure 52.17) 
[67,87,88]. However, this imaging sequence has a low signal-
to-noise ratio and is limited because of the motion artifact 
caused by CSF pulsation. The drawback of STIR and IRFSE 
(inversion recovery fast spin echo sequences) is their fail-
ure to show epidural metastatic disease because CSF and 
epidural tumor both have high signal intensity making CSF 
indistinguishable from metastatic disease [86]. Mehta et al 
demonstrated that T1-weighted, FSE and fat-saturated FSE 
sequences were superior to STIR and IRFSE in the detection 
of epidural metastatic disease [86].

Fluid attenuated inversion-recovery (FLAIR) is an inver-
sion recovery sequence in which the inversion time is cho-
sen to null the CSF signal and the TR and TE are chosen 
to provide heavy T2-weighting. This is useful in the spine 
because pulsation artifact from CSF fl ow, which is trouble-
some on SE and FSE T2-weighted sequences, is negated 
with FLAIR. T1-FLAIR provides thinner slices and higher 

FIG. 52.16. Sagittal T1-weighted image with fat saturation 
shows a heterogeneously enhancing lesion (lymphoma) extend-
ing from the L4 vertebral body into the ventral epidural space 
(black arrow). Enhancing foci in the posterior epidural space at 
the L4–L5 and the L2–L3 levels (white arrows) have increased 
conspicuity due to the fat saturated technique.

FIG. 52.17. Sagittal STIR sequence demonstrates hyperintense 
foci in two mid-thoracic spine vertebral bodies (white arrows). 
The more superior lesion has a hyperintense epidural component 
(black arrow), which is diffi cult to delineate from the intrathecal 
CSF. This is metastatic neuroendocrine tumor.
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spatial resolution in less time than the conventional 2D SE 
imaging for routine spine studies. In addition, it provides 
greater CSF suppression and improved cord-to-CSF con-
trast by using the inherent magnetization transfer effect to 
suppress CSF in post-contrast studies [89]. This sequence 
also allows increased conspicuity of lesions of the spinal 
cord and bone marrow and reduced hardware-related arti-
facts as compared with conventional T1-weighted spin-
echo sequences [89].

CSF fl ow imaging based on the phase contrast tech-
nique provides information about the phase (or direction) 
of fl ow and the velocity (or magnitude) of CSF fl ow such 
that no signal is detected from stationary tissue. Prominent 
epidural venous plexus can be differentiated from solid 
tumor, metastatic disease, infl ammatory disease or herni-
ated disk with MR CSF fl ow images [90]. Flow images offer 
additional specifi city by demonstrating the epidural venous 
plexus contribution to an enhancing mass lesion. When 
there is prominence of epidural plexus due to spondylosis, 
the extent of plexus can be seen on fl ow images. However, 
epidural involvement by tumor or scar component will not 
show fl ow [91].

Alteration of the spinal cord structural integrity due to 
various diseases such as metastases, abscess or spondylosis 
is a major cause of motor dysfunction and can be assessed 
by using diffusion tensor imaging (DTI) methods. In a 
study of 15 symptomatic and 11 normal volunteers, Facon 
et al evaluated the diagnostic accuracy of apparent diffu-
sion coeffi cient (ADC), fractional anisotropy (FA) and fi ber 
tracking in both acute and slowly progressive spinal cord 
compressions [92]. They found that FA has the highest sen-
sitivity and specifi city in the detection of acute spinal cord 
abnormalities. In this way, DTI may be helpful to assess 
integrity of the spinal cord fi ber tracts with acute or chronic 
spinal cord compression from epidural metastases.

With higher magnetic strength (i.e. 3.0 T), there are 
advantages of higher signal-to-noise ratio (SNR), which 
would be double at 3.0 T in comparison to 1.5 T, ena-
bling improved contrast or spatial resolution [93–95]. 
There is also the possibility of decreased scan times with-
out reduction in image quality, which would be helpful 
in reducing patient motion artifacts. The improved SNR 
may reveal subtle structural and pathologic details involv-
ing the cervical and lumbar spinal elements, such as 
nerve roots, neural foramina and intracanalicular lesions 
[96]. Increased magnetic strength brings with it issues of 
increased energy deposition (specifi c absorption rate), 
increased effects of magnetic susceptibility differences of 
tissues, particularly at tissue–bone and tissue–air inter-
faces, increased chemical shift artifact which degrades 
standard spine echo images, and alterations in the T1 and 
T2 relaxation times [96]. At this time, 3.0 T MRI still requires 
optimizing imaging sequences and improving coil technol-
ogy to utilize fully the advantages of higher magnetic fi eld 
strength.

While MRI has revolutionized the detection of spinal 
epidural metastases, it has inherent disadvantages. Some 
patients who have contraindications to MRI, such as pace-
makers or cochlear implants, will require other modalities 
for primary evaluation. Although not a contraindication to 
spine MR, metallic hardware in the area of scanning may, 
in some cases, limit the delineation of anatomic detail. 
Sedation and adequate analgesia can facilitate obtaining 
an MRI in those patients with pain and/or claustrophobia. 
Nevertheless, patient motion cannot always be controlled 
by sedation or analgesia and continues to be the most vex-
ing problem during sequences requiring long acquisition 
times. Marrow heterogeneity due to osteopenia, myeloinfi l-
trative processes and anemia can complicate interpretation 
of MR imaging. Hematopoetic marrow of younger patients 
is also diffi cult to assess in the setting of a neoplastic proc-
ess involving the extradural spine. As mild to moderate 
degenerative changes evolve, the marrow may demonstrate 
T1 hypointensity and T2 hyperintensity and may enhance 
to some extent after administration of Gd-DTPA, which 
may confound the imaging diagnosis. Mild hyperemia and 
marrow edema associated with fractures can also enhance 
[60]. In selected cases, more than one of these modalities, 
such as CT for better delineation of the osseous structures, 
will be needed for a complete evaluation.

Interventional MRI is a newly evolving fi eld which has 
been used guiding tumor ablation, aspiration cytology and 
surgical biopsy [97]. Preoperative endovascular emboli-
zation of highly vascular metastases such as those from 
melanoma, renal cell carcinoma and thyroid carcinoma can 
be performed to minimize intraoperative blood loss (Figure 
52.18). Angiographic embolization within 48 hours of the 
operative procedure may preclude the recruitment of adja-
cent non-embolized vessels [98].

IMAGING DIFFERENTIAL DIAGNOSIS
The radiological differential diagnosis of an epidural 

mass is extensive and includes metastases, lymphoma, 
hemorrhage, radiation-induced tumor and infl ammatory/
infectious process as the following examples will illustrate. 
History is critical in establishing the neuro-oncologic clini-
cal setting to aid in obtaining the appropriate imaging study 
and in accurate interpretation of the diagnostic images. In 
addition to evaluating the imaging characteristics of the 
epidural mass, it is also important to assess any additional 
abnormalities further to narrow the differential diagnosis.

The patholophysiology and examples of metastases 
to the epidural space have been discussed earlier in the 
chapter. It is important to emphasize lymphoma as it can 
commonly extend into the epidural space directly from a 
vertebral body, which is usually the cause of cord compres-
sion with lymphoma [37]. The soft tissue component demon-
strates iso- to hypointensity relative to muscle on the T1WI 
and variable iso- to hyperintensity on T2WI and enhan-
ces uniformly and intensely. It is often multisegmental
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and can infi ltrate through the neural foramina, which is 
typical of lymphoma. Isolated hematogenous involvement 
of only the epidural space occurs rarely in metastatic lesions 
and more frequently in lymphoma [36]. Lymphoma has a 
predilection for the thoracic spine and has a tendency to 
spread over several vertebral levels [99]. The marrow signal 
of the affected osseous structures is T1 hypointense. STIR 
sequences may show osseous T2 characteristics better [100]. 
There may be thickened enhancing nerve roots with or with-
out focal nodules. Intramedullary tumors may be present, 
which show variable patchy and/or confl uent enhancement 
and may be infi ltrative or discrete (Figure 52.19). Other 
hematologic malignancies, such as multiple myeloma, have 
also been associated with spinal epidural disease [101]. In 
multiple myeloma, the vertebral body marrow may demon-
strate an inhomogeneous pattern with foci of T1 hypointen-
sity in a background of diffusely low signal [102]. Spinal cord 
compression due to amyloid deposits has been reported in 
multiple myeloma [103,104].

Differentiating features of infection versus malignancy 
were described in a study by Hovi et al [105]. Infectious 
processes involving the spine usually involve more than one 
vertebra. While intervertebral disk involvement is seen more 
often with infection and very rarely with malignant disease, 
neural arch involvement is seen more often with malig-
nant disease. In cases of direct spread of infection into the 
epidural space from diskitis/osteomyelitis, the abscesses 
are often located in the anterior aspect of the spinal canal. 
Epidural abscesses are often multisegmental and fusiform, 
centered on and contiguous with the diseased disk and 
adjacent vertebral bodies. Spinal epidural abcesses can also 
result from hematogenous spread of bacteria usually from a 
cutaneous or mucosal source. They can be circumferential, 

A B C

FIG. 52.18. (A) Sagittal T1-weighted image of metastatic renal cell carcinoma illustrates hypointense lesions in multiple vertebral 
bodies (white arrows) and extending to the epidural space (black arrow). (B) Sagittal T2-weighted image of metastatic renal cell 
carcinoma demonstrates multiple hyperintense lesions in lower thoracic vertebral bodies (black arrows) and extending to the epidural 
space (white arrow). (C) Selective digital substraction spinal angiographic image shows a vascular tumor blush in the paravertebral/
epidural region, which was subsequently treated by endovascular embolization prior to operative decompression.

FIG. 52.19. Gadolinium enhanced sagittal T1-weighted image 
demonstrates an expansile low intensity intramedullary lesion with 
irregular heterogeneous foci of enhancement (arrows). This was 
shown to be an ependymoma.
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and the posterior epidural space is involved in 80% of the 
cases from a hematogenous source [106]. Radiography may 
demonstrate end-plate erosion and vertebral body height 
loss. Myelographic fi ndings of extradural mass impeding 
upon the thecal sac are non-specifi c. CT shows an enhanc-
ing epidural mass narrowing the canal along with the 
osseous changes. The lesion is iso- to hypointense on T1WI 
and hyperintense on T2WI and STIR. There may be homoge-
neous or heterogeneous phlegmon, peripherally enhancing 
necrotic lesion and prominent enhancing anterior epidural 
veins or basivertebral plexus above or below the abscess 
(Figure 52.20). In cases of extensive spinal epidural abscess, 
there may be diffuse dural enhancement. Signal alterations 
in the cord may be due to direct infection, cord compression 
and/or cord ischemia.

The differential diagnosis of an epidural mass in a patient 
with treated cancer includes radiation-induced secondary
tumor and infl ammatory/infectious process. However, 

osteoradionecrosis has been reported to present as a meta-
static epidural spinal lesion within a previously irradiated 
port [107] and is a serious complication in the treatment 
of head and neck malignancies. The lesion demonstrates 
hypointensity on T1WI and variable hyperintensity on T2WI 
(Figure 52.21). Unlike tumor, osteoradionecrosis does not 
typically enhance and is usually hypometabolic on PET 
imaging [108].

Infl ammatory processes including granulomatous 
disease can also involve the epidural space [109–111]. Granu-
lomatous infections caused by tuberculosis (TB), bru-
cellosis, fungi and parasites, including hydatid disease 
(Echinococcus), have some imaging fi ndings different from 
those seen with non-specifi c bacterial infection [112]. For 
example, TB spreads via the anterior longitudinal ligament 
with relatively limited disk involvement in comparison to 
degree of vertebral body and paraspinal infection and with 
frequent thoracic segment involvement [112]. In a study by 
Colmenero et al, epidural and paravertebral masses were 
present in 68.3% and 78% of cases of TB osteomyelitis, 
respectively [107]. This was signifi cantly greater than in cases 
of pyogenic and brucella osteomyelitis [112]. Brucella infec-
tion also commonly involves the lumbar spine and the epi-
dural space (Figure 52.22) [110].

Rarely, infl ammatory arthropathy (e.g. tophaceous gout,
renal osteoarthropathy, calcium pyrophosphate dihydrate
crystal deposition) can have a soft tissue component in 

FIG. 52.20. Enhanced T1-weighted fat saturated image dem-
onstrates a heterogeneously enhancing mass (epidural abscess 
secondary to bacterial infection) in the ventral epidural space 
extending from the L3–L4 level to the L5–S1 level (arrowheads). 
End-plate irregularity and abnormal disk space enhancement due 
to diskitis/osteomyelitis is noted at the L3–L4 and L4–L5 levels 
(black arrows).

A B

FIG. 52.21. (A) Sagittal unenhanced T1-weighted image 
demonstrates marrow replacement process involving the 
clivus and odontoid process with adjacent dural thickening (white 
arrow). The remainder of the cervical spine displays radiation 
treatment related fatty replacement as homogeneous T1 hyper-
intensity of the marrow (black arrows). Courtesy of D. Schiff, MD. 
(Osteoradionecrosis mimicking metastatic epidural spinal cord 
compression. Neurology; Jan; 64:396–397.) (B) Sagittal gadolin-
ium-enhanced T1-weighted image illustrates marrow replacement 
process involving the clivus and odontoid process with adjacent 
mildly enhancing dural based mass (arrow), which compresses the 
medulla oblongata.
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addition to the osseous disease. Gout of the axial skeleton 
is unusual, presenting with a range of symptoms from neck 
or back pain to various neurologic syndromes, including 
radiculopathy, myelopathy and cauda equine syndrome 
[113]. Radiographs may be normal or may show non-
specifi c degenerative changes. CT is useful to demonstrate 
focal facet joint erosion, which is a more characteristic 
imaging feature of gout than with osteoarthritis (Figure 
52.23A) [114]. Tophaceous lesions produce abnormal 

T1 and T2 signal intensities and enhance with gadolinium 
(Figure 52.23B,C). Epidural tophus can extend beneath the 
posterior longitudinal ligament over two vertebral levels, as 
well as involve the intervening intervertebral disks and por-
tions of the adjacent endplates [115]. Similar MR imaging 
fi ndings have been reported in cases of cord compression 
secondary to gout of the cervical spine [116,117].

Epidural/subdural hematoma should be considered in 
the differential diagnosis when a long segmental epidural 
mass displays high signal on both T1- and T2-weighted 
images [101]. There is usually no signifi cant post-gado-
linium enhancement; however, there are case reports 
of patchy enhancement of hyperacute/acute epidural 
hematoma [118,119]. In the absence of trauma, as in spon-
taneous epidural hemorrhage, the vertebrae are intact 
[120]. Depending on the age of the blood products, the 
hemorrhage may be hypo-, iso- or hyperintense. It can be 
eccentric, multilocular or multisegmental (Figure 52.24). 
The cord or cauda equina may be displaced or encased. 
Uncommonly, an epidural CSF collection can be seen after 
trauma or after surgery. It demonstrates CSF signal intensi-
ties on all sequences (Figure 52.25) as opposed to a soft tis-
sue epidural mass.

When a focal epidural mass at the level of the interver-
tebral disk space is identifi ed, a disk extrusion should be 
considered. An intervertebral disk extrusion has a narrow 
contiguous segment with the parent disk while a seques-
tered disk has no continuity with the parent disk. The disk 
material may migrate away from the site of herniation 
regardless of continuity. On T1WI the disk material is isoin-
tense to the parent disk and iso- to hyperintense on T2WI 
depending on the degree of hydration (Figure 52.26A,B). 
The disk demonstrates peripheral enhancement (Figure 
52.26C), but can demonstrate diffuse enhancement if 
imaged greater than 30 minutes after contrast injection. 
These are most commonly seen at the L4–L5 or L5–S1 
levels.

A B

FIG. 52.22. (A) Unenhanced sagittal T1-weighted image of 
the lumbar spine shows an abnormal amorphous mass (brucel-
losis abscess) in the ventral epidural space from the L4–L5 level 
to the S2 level (white arrows). Heterogeneous signal in the L4–L5 
intervertebral disk may be due to calcifi cation and/or vacuum 
phenomenon (black arrows). (B) Enhanced sagittal T1-weighted 
image of the lumbar spine shows heterogeneous enhancement of 
the abnormal amorphous mass (brucellosis abscess) in the ventral 
epidural space from the L4–L5 level to the S2 level (white arrows). 
There is also abnormal enhancement along the margins of the 
L5–S1 disk space suggesting involvement by the infectious process 
(black arrows).

A B C

FIG. 52.23. (A) Unenhanced axial CT with bone algorithm through the lumbar spine demonstrates characteristic fi ndings of gout, 
including well-defi ned erosions with sclerotic borders and overhanging edges (arrows). (B) Enhanced sagittal T1-weighted image dem-
onstrates a heterogeneously enhancing lesion in the posterior epidural space extending from the L3–L4 to the L4–L5 levels and ante-
riorly displacing the thecal sac (arrows). This is an epidural soft tissue manifestation of gout. (C) Enhanced axial T1-weighted image 
demonstrates a heterogeneously enhancing tophus (arrows) in the posterior epidural space anteriorly displacing the thecal sac.
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techniques (such as STIR) can be used to confi rm adipose 
tissue (Figure 52.27B).

The rare entity of ossifi cation of the posterior longitudi-
nal ligament (OPLL) can have a confounding T2 hypointense 
appearance if fi rst encountered on MRI. OPLL is ventrally 
located in the cervical spine and CT is best at demonstrating 
the bone. There is no enhancement of this ossifi ed ligament 
(Figure 52.28).

Extramedullary hematopoiesis (EH) has also been 
described to be a cause of epidural spinal cord compres-
sion [122–124]. EH is a compensatory mechanism of coping 
with several hematological disorders, but is always of long 
duration. It is hypothesized that such hematopoietic tis-
sue in the spinal cord vicinity arises from embryonal rests 
in the extradural areolar tissue of mesodermal origin [124]. 
These patients are expected to have good recovery despite 
long-standing neurological defi cits [123]. On MR imaging, 
it can manifest as paravertebral (Figure 52.29) and epi-
dural masses, which are isointense on T1- and T2-weighted 
sequences and demonstrate intermediate enhancement. 
An important fi nding to recognize is the diffuse low to 
intermediate T1 signal of the vertebral body marrow as a 
result of displacement of fatty marrow by hematopoetic 
elements. Technetium colloid scanning can also be used to 
demonstrate ectopic marrow formation [123].

Primary tumors of the dura, such as fi bromas, fi broma-
tosis and sarcomas, are rare [34], but given their extra-
dural location, they may cause spinal cord compression. 
Meningiomas can rarely be intraosseous, extradural (7%) 
or paraspinous in location. Extradural meningiomas are 
thought to arise from arachnoid rests [125]. An extra-
dural meningioma may easily be mistaken for a spinal 

A B
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FIG. 52.24. (A) Sagittal T1-weighted image through the tho-
racic spine demonstrates isointense amorphous mass (epidural 
hematoma) in the ventral epidural space spanning multiple levels 
(arrows). (B) Axial T1-weighted image through the thoracic spine 
demonstrates isointense epidural hematoma (arrows) in the ven-
tral epidural space displacing the cord posteriorly. (C) Sagittal 
T2-weighted image through the thoracic spine demonstrates 
heterogeneously hyperintense epidural hematoma in the ventral 
epidural space spanning multiple levels (arrows). There is hyper-
intensity in multiple vertebral bodies compatible with marrow 
edema from acute compression fractures. (D) Axial T2-weighted 
image through the thoracic spine demonstrates heterogeneously 
hyperintense epidural hematoma (arrows) in the ventral epidural 
space displacing the cord posteriorly.

A B

FIG. 52.25. (A) Sagittal unenhanced T2-weighted image dem-
onstrates an anterior epidural collection (arrows), which is isoin-
tense to CSF, and does not cause mass effect on the cord. (B) 
Sagittal unenhanced T1-weighted image shows an anterior epi-
dural collection representing epidural hygroma (arrows), which is 
isointense to CSF.

Sometimes extensive soft tissue material, which is 
hyperintense on T1WI and low density on CT insinuates in 
the epidural space. This may represent epidural lipomato-
sis, which is an aberrant excess of epidural fat, often related 
to exogenous or endogenous steroids. The majority of cases 
are idiopathic and the thoracic and lumbar spinal canal are 
equally involved. There can be mass effect on the thecal sac 
and nerve roots. Bone et al quantifi ed normal and patho-
logical amounts of epidural fat grading it from I through III 
[121]. They found that all grade III patients exhibited radicu-
lopathy [121]. Radiographs may demonstrate osteopenia or 
vertebral compression fractures due to the steroids, how-
ever, no bone erosion is detected on CT. The lesion is 
homogeneously hyperintense on T1WI, hypointense on 
T2WI and does not enhance (Figure 52.27A). Fat-saturation 
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metastasis even at surgery, therefore it requires intraopera-
tive histology [126]. Most often these lesions are isointense 
to the cord on T1 and T2WI, but some may be hyperintense 
on T2WI. Hypointensity within the lesion is likely due to 
calcifi cation. Very vascular meningiomas can have promi-
nent fl ow-voids. Bony changes are more frequent when a 
meningioma is extradural, including widened intravertebral

foramen, pedicle erosion, or rarely, invasion of the vertebral 
body [125].

Schwannomas are an additional extradural neoplasm 
to consider, as 15% of schwannomas are purely extradural 
involving the epidural space [100]. Schwannomas are 
well-marginated lesions, which can be very hyperintense 
on T2WI due to intratumoral cystic formation or necrosis. 
Areas of T2 hypointensity may be due to dense cellular-
ity, hemorrhage or collagen deposition (Figures 52.30A,B) 
[126]. Intense enhancement may be uniform, heteroge-
neous or peripheral (Figure 52.30C). They typically do 
not have a dural attachment and very rarely occur poste-
rior to the cord. CT can demonstrate adjacent bone ero-
sion and/or remodeling, such as enlarged neural foramina, 
expansion of the central canal, or posterior body of the 
vertebrae.

CONCLUSION
In summary, epidural spinal cord compression is a 

portentous complication of metastatic disease, which can 
result in signifi cant neurological sequela if it is not diag-
nosed urgently. The patient’s neurologic status should 
prompt imaging evaluation and, although all the imaging 
modalities may detect ESCC to some degree, MR imaging 
is the most sensitive study. Various sequences have proven 
useful in detection of epidural metastasis. In the future, 
advanced MRI imaging, such as diffusion tensor imaging 
and functional MRI, may provide functional information 
about the status of the spinal tract fi bers. Though imaging 
can be helpful in distinguishing between various epidural 
processes, the radiologic differential diagnosis of more dif-
fi cult cases can only be narrowed by critical clinical history 
or biopsy.

A B

FIG. 52.27. (A) Sagittal T1-weighted image demonstrates 
prominent amount of fat in the posterior epidural space through-
out the lumbar spine and circumferentially at the L5–S1 level 
(arrows). (B) Sagittal STIR sequence shows nulling of posterior 
and anterior epidural fat (arrows).
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FIG. 52.26. (A) Sagittal STIR sequence shows degenerative disk disease and diskogenic end-plate changes at the L2–L3 level (small 
arrowheads). There is a heterogeneously hyperintense lesion in the ventral epidural space along the posterior margin of the L3 verte-
bral body (arrows) representing disk sequestration. Its hydration state is different to that of the parent disk and it appears discontinuous 
with the disk space. (B) Sagittal unenhanced T1-weighted sequence demonstrates sequestered disk in the ventral epidural space along 
the posterior margin of the L3 vertebral body (arrows) which appears isointense to the intervertebral disk and seems to cascade inferi-
orly from the L2–L3 intervertebral disk space. (C) Enhanced sagittal T1-weighted sequence demonstrates peripheral enhancement of the 
sequestered disk (arrow) in the ventral epidural space along the posterior margin of the L3 vertebral body.
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FIG. 52.28. (A) Axial T2 -weighted image illustrates a hypointense lesion along the posterior aspect of the cervical vertebral body 
(arrow), effacing the ventral CSF space and causing mild mass effect on the ventral cord. (B) Sagittal T2-weighted image shows a prom-
inent hypointense lesion along the posterior aspect of the dens and C2 body (arrows). (C) Lateral radiograph demonstrates prominent 
density along the posterior aspect of the dens and C2 body (arrows) compatible with ossifi cation of the posterior longitudinal ligament.

FIG. 52.29. (A) Sagittal unenhanced 
T1-weighted image shows diffuse hypo-
intensity of the vertebral body marrow 
(  ), which can be seen in patients with 
myeloinfi ltrative and marrow recruitment 
processes such as anemia. (B) Axial 
enhanced T1-weighted image illustrates 
intermediate enhancement of the osseous 
marrow. There are discrete paraverte-
bral masses (arrows) along the ante-
rior border of the psoas muscles, which 
are a manifestation of extramedullary 
hematopoiesis.

A B
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FIG. 52.30. (A) Axial unenhanced T1-weighted image demonstrates an isointense lobulated extradural mass extending through 
the left neural foramen (arrows). (B) Axial T2-weighted image illustrates hyperintensity in the lobulated extradural mass (arrows). This 
was shown to be a schwannoma. (C) Axial enhanced T1-weighted image demonstrates intense enhancement of the schwannoma. 
Courtesy of Matthew R. Hyde, M, University of Virgina Health System.
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INTRODUCTION
The general term ‘plexopathy’ is often used to describe 

symptomatology related to plexus involvement caused by a 
variety of conditions, including tumor infi ltration, infl am-
matory, traumatic, post-surgical and post-radiation changes. 
In oncologic patients, such involvement may be due to 
tumor arising from the nerve fi bers (e.g. neurofi broma), 
direct spread of primary neoplasm from the adjacent organs 
(breast, lung), compression/infi ltration by regional metas-
tases (metastatic nodes) or iatrogenic factors, particularly 
treatment by surgical intervention or radiation. Patients 
may present with pain, paresthesias, focal weakness, auto-
nomic symptoms, sensory defi cits and muscle atrophy [1–3]. 
Physical examination fares rather poorly in assessment of the 
process. Conventional radiologic methods have been utilized 
all along in an attempt to localize and further characterize 
the causes of plexopathy, although with rather dismal results. 
A ‘quantum step’ progress was made with the introduction of 
computed tomography (CT) and magnetic resonance imag-
ing (MRI). Technical improvements in recent years made it 
possible to visualize individual nerves directly [4–7]. A reli-
able method of visualization of diseased nerve/plexus seems 
more diffi cult to fi nd. As new techniques are introduced, 
improving resolution, depicting more detail and chemical 
composition of tissue, there arises a need for more thorough 
knowledge of imaging utility in normal and diseased state.

NORMAL ANATOMY OF PLEXUSES
Plexus is defi ned as a network of connections of nerve 

roots, giving rise to further interconnecting or terminal 
branches. As ventral (motor) and dorsal (sensory) roots leave 
the spinal cord, they soon unite within the spinal canal to 
form a spinal nerve. After exiting neural foramina, they form 
a network of interconnections (plexus), from ventral roots, 
trunks, cords to individual nerves. Although there are many 
such stations in the body, the three main plexuses are cervi-
cal, brachial and lumbosacral. Plexopathy may result when 

any of the above segments of the plexus becomes involved. 
Since it may not be possible to visualize directly the abnor-
mality within the nerve, one may have to rely on altered 
adjacent tissue to make a diagnosis. Thus, the knowledge of 
normal confi guration, adjacent tissue characteristics and 
spatial relationships of plexus components in reference to 
bony landmarks, vascular structures and muscles is very 
important in detection of abnormality and interpretation of 
plexus disease.

Cervical and Brachial Plexus
The cervical plexus lies on the ventral surface of the 

medial scalene and levator scapulae muscles. It is formed 
by ventral rami of the cervical nerves C1 through C4. Each 
ramus at C2, C3 and C4 levels divides into two branches, 
superior and inferior. These in turn unite in the follow-
ing way: superior branch of C2 with C1; inferior branch of 
C2 with superior branch of C3; inferior branch of C3 with 
superior branch of C4 and inferior branch of C4 joins C5, 
to become part of the brachial plexus. Terminal cutaneous, 
muscular and communicating branches supply skin and 
muscles in the occipital area, upper neck, supraclavicular, 
upper pectoral region and diaphragm.

The brachial plexus is formed by ventral rami of spinal 
nerves exiting through the neural foramina of the cervical 
spine at C5 to T1 levels (dorsal rami innervate posterior par-
avertebral muscles). Inconsistent contributions may arise 
from C4 and T2 segments. As the spinal nerves leave the 
foramina between the vertebral artery anteriorly and facet 
joint posteriorly, they soon create the fi rst station of con-
nections between anterior and middle scalene muscles: C5 
and C6 nerves unite to form the superior trunk; C7 becomes 
the middle trunk and C8 and T1 form the inferior trunk. The 
subclavian artery proceeds with the brachial plexus com-
ponents within the triangle, anteriorly to the trunks and 
the subclavian vein courses in front of the anterior scalene 
muscle. The trunks divide just laterally to the lateral margin 
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of scalene muscles into three anterior and three posterior 
divisions. Pectoralis major and serratus anterior muscles 
constitute anterior and posterior boundaries, respectively. 
Anterior divisions of superior and middle trunks join to 
form the lateral cord; anterior division of the inferior trunk 
becomes the medial cord and posterior divisions of all three 
trunks unite to form the posterior cord. The medial cord, 
which receives fi bers from inferior C8–T1 trunk, gives off the 
ulnar nerve. The lateral cord, containing contributions from 
the superior and middle trunks (C5–C7) becomes the larg-
est nerve of the upper extremity, the median nerve. The pos-
terior cord contains fi bers from all three trunks (C5–T1); its 
main pathway is the radial nerve. Other terminal branches 
include suprascapular, musculocutaneous, axillary, thoraco-
dorsal, medial cutaneous and long thoracic nerves (Figures 
53.1, 53.2 and 53.3) [8,9].

Lumbosacral Plexus
The lumbosacral plexus is formed by ventral rami of 

the lumbar and sacral nerves, T12 through S4. The lumbar 
part is formed by roots from T12 to L4 and the sacral com-
ponent by L4–S4 roots. These divide into anterior and pos-
terior divisions, which give rise to anterior and posterior 
branches, respectively. Anterior branches of the lumbar 
plexus include (in craniocaudal direction): iliohypogastric, 
ilio-inguinal, genito-femoral and obturator nerves; the same 
of sacral plexus are: tibial component of sciatic nerve, pos-
terior femoral cutaneous and pudendal nerves. Posterior 

FIG. 53.1. Diagram of anatomical section through lower cer-
vical spine in axial plane. Ventral rami of spinal nerves exiting 
through neural foramina unite between anterior and middle sca-
lene muscles to form brachial plexus (arrows). Posterior rami inner-
vate posterior paraspinal musculature (open arrow). AS, MS, PS: 
anterior, middle and posterior scalene muscles; CCA: common 
carotid artery; JV: jugular vein.

T1

C7

C6

C5

C4

C3

MS

AS

SV

SA

FIG. 53.2. Brachial plexus proceeds laterally towards axil-
lary fossa through the scalene triangle (bordered by anterior and 
middle scalene muscles anteroposteriorly and fi rst rib inferiorly), 
where it is located posteriorly to subclavian artery. Subclavian 
vein travels anteriorly to the anterior scalene muscle. SA: subcla-
vian artery; SV: subclavian vein.

branches of the lumbar plexus include lateral femoral cuta-
neous and femoral nerves and those of sacral plexus are: 
peroneal component of sciatic nerve, superior and inferior 
gluteal and piriformis nerves. The roots of the lumbar plexus 
lie on the ventral surface of the posterior abdominal wall, 
proceeding in diagonal fashion anterolaterally, between fi b-
ers of psoas and iliacus muscles. The largest femoral nerve 
continues behind the inguinal ligament, supplying anterior 
and medial aspects of the thigh. The sacral plexus proceeds 
laterally along the posterior wall of the pelvis, where it lies 
between iliac vessels anterolaterally and piriform muscle 
posteromedially (Figure 53.4). Terminal branches innervate 
pelvic organs and the sciatic nerve, the largest nerve of the 
body, proceeds through the greater sciatic notch to supply 
regions of posterior thigh and below the knee [8].

RADIOGRAPHIC METHODS OF IMAGING
Evaluation of a plexus with conventional radiography 

is diffi cult and yields little information [10]. However, it 
may be used in preliminary evaluation of plexopathy, 
mainly to exclude major abnormality, such as bone destruc-
tion, fracture, lung infi ltration or ligamentous calcifi cations. 



Development of CT heralded major progress in imaging and 
its utility in detection of plexus disease has been realized by 
early investigators [11–16]. Introduced in recent years, the 
new technique of multichannel scanning allows for unin-
terrupted data acquisition during continuous tube rota-
tion and table advance [17]. Further anatomical detail and 
tissue characteristics have been provided by MRI. Special 
sequences have been developed for selective imaging of 
nerve tissue (neurography). Sonography and positron emis-
sion tomography (PET) scanning also have been reported to 
provide valuable contributions [18–20]. Development of the 
picture archiving system (PACS) has revolutionized the way 
studies are viewed and interpreted by radiologists. Perhaps 

the best example is a cine mode option, which creates a 
three-dimensional perception, allowing for better under-
standing of the extent and confi guration of lesions and their 
relation to adjacent normal structures, particularly vessels. 
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FIG. 53.3. Schematic representation of cervical and brachial 
plexus network. Cervical plexus (C1–C4): ventral rami C2, C3 
and C4 divide, giving off superior and inferior branch at each 
level. Superior branch of C2 and C1 ramus unite to form ansa 
cervicalis. Adjacent inferior and superior branches of C2, C3 and 
C4 merge and give off lesser occipital, greater auricular, trans-
verse cervical, supraclavicular and phrenic nerves (unmarked). 
Brachial plexus (C5–T1): superior, middle and inferior trunks are 
formed by ventral rami of C5/C6, C7 and C8/T1, respectively. 
Each trunk divides into anterior and posterior divisions. Anterior 
divisions of superior and middle trunks form lateral cord; anterior 
division of inferior trunk becomes medial cord and posterior divi-
sions of all three trunks unite to form posterior cord. Major nerves 
of the arm: median, ulnar and radial receive contributions pre-
dominantly from lateral, medial and posterior cords, respectively.
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FIG. 53.4. Simplifi ed coronal diagram of lumbosacral plexus, 
depicted on a background of psoas, iliacus and piriformis mus-
cles. Anatomy of the lumbosacral plexus is much less intricate 
and more variable than that of brachial plexus. Anterior and 
posterior divisions unite and/divide to form terminal branches 
(the trunks and cords are not distinguished). Anterior divisions of 
lumbar plexus unite to form iliohypogastric (ihg), ilioinguinal (ii), 
genitofemoral (gf) and obturator (obt) branches, whereas pos-
terior divisions give rise to femoral cutaneous (fc) and femoral 
(fem) nerves. Of sacral plexus, anterior divisions divide to give 
rise to tibial component of sciatic nerve (sn), posterior femoral 
cutaneous (pfc) and pudendal nerves (pud), while posterior divi-
sions give off peroneal component of sciatic nerve (sn), part of 
femoral cutaneous, gluteal and piriformis nerves.
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However, despite valuable contributions from the above 
imaging methods, the assessment of plexus regions fre-
quently presents a challenging problem for clinicians, as well 
as radiologists.

Technique – CT
Because of its small size, the cervical plexus is rarely 

evaluated radiographically as a separate entity. Rather, it is 
included as a part of head, cervical spine or neck examina-
tions. The cervical plexus extends from C1 down to C4, thus 
scanning from the skull base down to C5, utilizing small 
fi eld of view (FOV) (25 cm), is suffi cient. The anatomical 
brachial plexus extends approximately from C5 down to T2 
vertebral levels. Adequate coverage of the plexus is provided 
by scanning the region from C4 to T3. We extend lower 
range with larger FOV down to T6, to include more periph-
eral components. Contiguous 4–5 mm spaced axial sections 
are obtained, perpendicular to the table top. Coned-down 
views of the area in question may be added to the study. 
The elements of normal plexus are small and are depicted 
as nodular or linear areas of soft tissue density. They are 
diffi cult to identify and may not be outlined at all [21], par-
ticularly on inferior quality examination. Contrast injection 
is recommended [12], not only for identifi cation of normal 
vascular structures and differentiation from lymph nodes, 
but also for more complete information on the enhance-
ment pattern of the lesion. For this purpose, an intravenous 
injection in dynamic mode is preferred, using an initial 
bolus of 50 ml, followed by contiguous infusion at the rate 
of 1 ml/second to a total of 100 ml of non-ionic contrast 
(Omnipaque 300 or equivalent). The infusion should be 
administered on the site opposite to the suspected pathol-
ogy, since high concentrations of intravenous contrast may 
produce streaking artifacts, obscuring detail [21].

Adequate coverage of the lumbosacral plexus includes 
axial sections from T12 down to the tip of the coccyx, to 
visualize greater sciatic notches (GSN). Axial images with 4–
5 mm slice thickness and FOV large enough to include both 
sacroiliac joints are usually suffi cient. Intravenous contrast 
administration (100 ml of Omnipaque 300 or equivalent in 
dynamic mode or bolus injection) is recommended, unless 
contraindicated. An intra-oral contrast (Gastrographin, given 
2 h in advance) may be benefi cial in assessment of plexus 
pathology, mainly to delineate distal urinary tract and colon, 
respectively.

Technique – MR
The main advantages of MR imaging over CT are the 

ability to perform multiplanar scanning without needing to 
change the patient’s position, and superior resolution and 
tissue characterization [22–24]. Adequate anatomical cov-
erage of the plexus must be assured. Thus, for the brachial 
plexus, axial sections from levels of C3 down to T6, coronal 
sections including both gleno-humeral joints and sagittal 

sections to cover both axillary fossas should be obtained. 
For lumbosacral plexus, the coverage in axial plane needs 
to extend from T12 to the coccyx. Sections of 5 mm thick-
ness/0.25 gap are obtained in axial, sagittal and coronal 
planes. We prefer scanning in direct axial, sagittal and coro-
nal planes [25], although oblique scanning planes have 
been advocated for the brachial [26] and sacral plexus [27], 
to optimize visualization of plexus components and the sci-
atic nerve. T1, fast spin-echo T2 and STIR (fat suppression) 
should be obtained. Use of phased-array coils is recom-
mended for greater resolution of detail [28,29]. Intravenous 
contrast (Magnevist or equivalent) is utilized routinely, in a 
dose of 0.1 mmol/kg of body weight.

Visualization of Normal Plexus Components on 
CT and MR

Conventional (non-contrast) CT offers rather poor defi -
nition of intraspinal anatomy. Nerve roots exiting through 
foramina are more consistently seen, particularly in lum-
bar spine and sacrum, because of larger size and more 
abundant epidural fat (Figure 53.5). They are depicted as 
punctate or linear structures of muscle density, contrasting 
against the adjacent darker fat within the foramen or vicin-
ity (Figure 53.6). Trunks and cords of the brachial plexus 
are usually blended with muscle fi bers and major vessels 
more distally. With abundant fat tissue, individual nerve 
components may be visible as discrete, linear areas of soft 
tissue density, proceeding posteriorly along the subclavian 
artery (Figure 53.7). Those of the lumbar plexus enter par-
aspinal musculature (psoas) and are diffi cult to identify with 

FIG. 53.5. Axial CT section through inferior plate of L3. Nerve 
roots are clearly seen bilaterally (arrows) contrasting against low 
background density of fat tissue.
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FIG. 53.6. Sagittal reconstruction CT image through the plane 
of foramina. Nerve root (arrow) surrounded by epidural fat. 
Note lytic bone lesion below, not compromising the lumen of the 
foramen.

FIG. 53.7. Axial CT image, depicting spatial arrangement of 
neurovascular bundle (arrows from front): subclavian vein, artery 
and fi bers of brachial plexus.

FIG. 53.8. Axial CT section through the greater sciatic notch. 
Sciatic nerves (arrows) are visualized in the lateral aspect of 
GSN, posteriorly to the ischial spine.

certainty. Femoral and obturator nerves may be visible, con-
trasted against the intrapelvic/intra-abdominal fat. The larg-
est sciatic nerve (Figure 53.8) is more consistently identifi ed 
in the lateral aspect of GSN, posteriorly to the ischial spine 
[12–15].

MR depicts the plexus components with much greater 
accuracy [22–24,30] and can be further improved when 
phased-array coils are used [29,31]. Conventional T1-
weighted sequences are routinely utilized for anatomical 
detail. Although individual nerves down to 2 mm in diameter 
can be seen [29], much of the success depends upon relaxa-
tion properties of adjacent tissues. Thus, even a smaller 
branch surrounded by fat or fl uid (i.e. cerebrospinal fl uid 
(CSF)) can be seen clearly, while a larger neural trunk encom-
passed by infi ltrative process will blend with the abnor-
mal tissue and may not be recognized at all. T2-weighted 
sequences (FSE) provide best detail of normal nerve when 
contrast interphase of fl uid (CSF) or abnormal tissue (e.g. 

edema) is present. Thus, spinal nerves within the canal 
are demonstrated in good detail on T1 and T2 sequences, 
because they contrast against fat (epidural) and fl uid (CSF), 
respectively.

Special sequences have been designed to create a 
‘myelographic effect’, depicting the cord and roots within 
the thecal sac throughout the spine [32]. Fat suppression 
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sequences (STIR being most commonly used) null fat sig-
nal, thus rendering background fat tissue darker and nerve 
more clearly visible [33,34]. The option can be applied to 
both T1- and T2-weighted sequences and is most valuable 
in conjunction with contrast enhancement.

The normal neural components of the plexus can be 
identifi ed with variable success on a good quality MR scan. 
Nerve roots within the foramina and immediate vicinity 
are routinely seen. As they descend with the muscle fi bers, 
trunks and cords of the brachial plexus can be identifi ed on 
axial images, proceeding between the anterior and middle 
scalene group laterally, to exit through the scalene triangle. 
Extended segments of the plexus may be demonstrated on 
one well placed axial and/or coronal T1-weighted anatomi-
cal image (Figure 53.9). Sagittal sections through and later-
ally to the scalene triangle outline the individual divisions 
as punctate areas of soft tissue intensity within the fat back-
ground, with subclavian artery and vein anteriorly (Figure 
53.10). Similarly, the lumbar and sacral roots within the sub-
arachnoid space and neural foramina are seen in great detail, 
while the interconnecting network within the psoas complex 
is more diffi cult to identify. On axial sections, femoral nerve 
may be visualized as a single trunk proceeding anterolater-
ally along the ventral aspect of the posterior abdominal wall. 
The greater sciatic nerve within the notch is more consist-
ently seen, either as a single, oval in shape structure or as 
a cluster of several smaller individual nerves (Figure 53.11) 
[7,23,24].

Abnormal Nerve
When involved by a disease, nerve tissue may exhibit 

swelling, focal or diffuse infi ltration, edema, cyst formation 
or necrosis. In the early stage, when there is no enlargement 
of peripheral nerve(s), these changes may not be appreci-
ated on imaging modalities but become more apparent as 
the process progresses. On CT, abnormal nerve or plexus 

FIG. 53.9. MRI of the brachial plexus. Long segments of 
plexus fi bers (arrows) are demonstrated on axial T1-weighted 
image. Subclavian arteries and veins visualized anteriorly.

FIG. 53.10. Sagittal T1-weighted image through the axillary 
fossa on the same patient as Figure 53.9. Brachial plexus com-
ponents (arrow) depicted as nodular, somewhat irregular soft tis-
sue densities, posteriorly to the artery and vein (rounded, lower 
intensity structures anteriorly).

may appear locally or diffusely enlarged, or become indis-
tinguishable from adjacent structures because of infi ltrative 
process or fi brosis. In the brachial plexus, this may be mani-
fested as general thickening of neurovascular bundle (Figure 
53.12). Greater tissue discrimination allows MR to assess the 
character and extent of disease more precisely. T1-weighted 
images may show segmental or diffuse enlargement and 
increased T2 intensity may be seen within the nerve in case 
of involvement by infi ltrative process or edema. The extent 
of the abnormal T2 signal may be demonstrated to the bet-
ter advantage on fat suppression (STIR) sequences (Figure 
53.13). Contiguity (or disruption) of the nerve, increased 
diameter, change of course or contour (compression), 
altered intrinsic intensity or enhancement within involved 
or a compressed segment of the nerve may be observed. 
Neurography, utilizing combination of T1, T2, STIR, short 
inversion recovery (IR) sequences and phased-array surface 
coils depict these fi ndings with greater accuracy [5,35–37]. In 
a study of 15 patients with neuropathic leg pain and negative 
conventional MR conducted by Moore et al, it proved defi -
nitely superior, revealing casual abnormality accounting for 
clinical fi ndings in all cases [38].

An interesting phenomenon of increased T2 intensity 
within normal nerve(s), mimicking a diseased tissue was 
reported recently by Chappell et al [39]. They observed rais-
ing intensity within the peripheral nerve as the orientation 
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of longitudinal axis of the nerve approached 55 degrees to 
main magnetic fi eld Bo. As the brachial plexus is usually 
scanned close to this ‘magic angle’, T2 hyperintensity within 
the nerve or plexus should thus be interpreted with caution, 
to avoid a false positive reading. Administration of contrast 
is essential in proper evaluation of the extent of disease. 
Generally, enhancement of intraspinal or peripheral nerve 
after administration of a conventional dose of gadolinium-
based contrast is considered pathological.

Imaging Method of Choice
As x-rays yielded very limited information on plexus 

involvement, early reports praised the ability of CT to dem-
onstrate anatomical detail of normal and diseased plexus 

FIG. 53.12. Recurrent breast cancer. Axial CT image demon-
strates general thickening of the neurovascular bundle (arrows).

FIG. 53.13. Coronal STIR MR non-contrast sequence enhances 
visualization of the tumor tissue (bright areas on the right side).

and its advantages over conventional radiography [13,14]. 
As early as 1988, Benzel et al considered CT a method of 
choice in evaluation of location and extent of nerve sheath 
tumors of sciatic nerve and sacral plexus, important in 
determination of resectability of these lesions [11]. Hirakata 
et al found CT to be helpful in assessment of patients with 
Pancoast tumor [16]. They reported obliteration of the fat 
plane between scalene muscles on CT to be an indication of 
brachial plexus involvement. The addition of sagittal, coro-
nal and oblique reformatted images improved visualization 
of brachial plexus and helped to diagnose tumor recurrence 
[40]. Soon after introduction of MR and as early as 1987, 
Castagno and Shuman anticipated that the new modality 
may have substantial clinical utility in evaluating patients 
with suspected brachial plexus tumor [41]. The advantages 
of MR over CT in assessment of plexus were reported in 
comparative studies by several investigators [42–44]. In the 
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evaluation of 64 patients with brachial plexopathy of diverse 
cause by Bilbey et al, the sensitivity of MR was 63%, specifi -
city 100% and accuracy 77% [45]. In a subgroup of patients 
with trauma and neoplasm these were even higher (81%, 
100% and 88%, respectively). Better anatomical defi nition 
provided by MR was considered to improve patient care in 
the study by Collins et al [46]. More recently, in the study of 
patients with plexopathy following the treatment of breast 
cancer, Qayyum et al reported high reliability of MR, with 
specifi city of 95%, positive predictive value 96% and nega-
tive predictive value of 95% [47]. MR without and with con-
trast enhancement is also a method of choice in evaluating a 
patient with plexopathy at our institution.

PRIMARY PLEXUS NEOPLASMS
Primary tumors of peripheral nerve (plexus) are rare, 

constituting approximately 1% of all cancers. According to 
the WHO classifi cation proposed in 2000, four groups are 
distinguished:

1 schwannomas
2 perineuriomas
3 neurofi bromas
4 malignant peripheral nerve sheath tumors (MPNST).

Neurofi bromas and schwannomas are most preva-
lent. On MR, these tumors usually present as well defi ned, 
rounded or oval masses, oriented along the longitudinal axis 
of the nerve (Figure 53.14). Larger size or plexiform appear-
ance favors neurofi broma, particularly in patients with 
neurofi bromatosis (Figure 53.15). Both are iso- or slightly 
hyperintense on T1- and hyperintense on T2-weighted 
sequences, showing homogeneous or inhomogeneous 
enhancement. Marked T2 hyperintensity may be seen in 
some patients [48–52]. Capsule can be identifi ed in approxi-
mately 70% of schwannomas and 30% of neurofi bromas 

FIG. 53.14. Brachial plexus schwannoma, depicted on coro-
nal T1-weighted MR image. Fusiform mass is orientated along the 
longitudinal axis of the plexus.

FIG. 53.15. Patient with neurofi broma. Large mass is demon-
strated in axillary fossa (T). There is also marked thickening of all 
components of the plexus bilaterally (arrows).

[49]. A ‘target sign’ consisting of a central low intensity area 
within the lesion on T2-weighted sequence was found to be 
much more frequent in neurofi bromas [53,54]. On CT, low 
density (in reference to the muscle) was a common feature 
of plexus tumors and contrast enhancement varied from 
moderate to marked, as reported by Vestraete [55]. MPNST 
are rare, arising either as spontaneous mutation or within 
pre-existing neurofi broma, usually as a transformation to 
spindle cell sarcoma [56]. It may be diffi cult to distinguish 
these tumors from their benign counterparts. Larger size, 
internal heterogeneity, poor defi nition of the peripheral 
border, invasion of fat planes and adjacent edema favor the 
malignant variant [57–60]. Extremely rarely other malig-
nancies can arise from the nerve proper [61]. There are no 
pathognomonic radiographic features which could be totally 
attributed to a particular group; thus thorough knowledge of 
clinical information, such as age, gender, duration of symp-
toms, history of von Recklinghausen‘s disease, etc., is very 
helpful while interpreting the imaging studies.

EXTRINSIC PLEXUS TUMORS
Plexus may be compressed or infi ltrated by an extrin-

sic neoplasm arising from adjacent structures, with breast, 
neck, lung and lymph node malignancies being most com-
mon offenders for brachial region and pelvic tumors for 
lumbosacral plexus (Figures 53.16 and 53.17). Clinically, 
pain is a prominent feature of residual or recurrent tumor 
[1]. Although local extent of the lesion may be depicted ade-
quately by CT, infi ltration of the plexus is diffi cult to diag-
nose, except for advanced disease with gross infi ltration of 
the plexus region (Figure 53.18). In a study of 14 patients 
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wall tumors by Fortier, MR clearly delineated the margins 
and revealed evidence of muscle, vascular or bone inva-
sion [63]. T1 and T2 signal characteristics were non-specifi c 
(apart for lipomas), not allowing for confi dent distinction 
of benign from malignant process. Qayyum considered MR 
to be a reliable and accurate tool in evaluation of brachial 
plexopathy due to tumor, reporting sensitivity and positive 
predictive value of 96% and specifi city and negative predic-
tive value of 95% [47]. Currently, MR without and with con-
trast remains a method of choice for the assessment of local 
tumor extent and plexus involvement. PET scanning is con-
sidered useful in the evaluation of patients with plexopathy, 
mainly by excluding recurrent tumor [19,20].

RADIATION INJURY
Plexopathy is a recognized complication of radiation 

therapy, occurring most commonly in the brachial plexus 
[1], following regional treatment of breast, lung or neck can-
cers. The clinical presentation of radiation-induced fi brosis 
(RIF) is that of a protracted course with low-grade pain, as 
opposed to recurrent tumor, which progresses more rapidly, 
with pain being a dominant symptom. Three forms are rec-
ognized: acute ischemic, transient and delayed (radiation 
fi brosis), the latter being most common [64–66]. Radiation-
induced fi brosis occurs usually within the fi rst few years after 
completion of treatment, although latent periods as long as 
22 years have been reported [67,68]. It is dose dependent, 
more likely to occur above 6000 cGy and with larger frac-
tion sizes. Younger patients and those receiving cytotoxic 
therapy are more vulnerable [1,69]. Changes are confi ned 
to the radiation port with a clearly demarcated margin 
from non-irradiated tissue. The main role of imaging is to 
distinguish this chronic iatrogenic process from a recurrent 

FIG. 53.16. Malignant PNST, Coronal T1-weighted MR image 
(the same patient as in Figure 53.13). The tumor (arrows) is 
poorly defi ned and infi ltrates adjacent cervical vertebrae.

FIG. 53.17. Axial CT section through thoracic inlet of patient 
with lymphoma. Neurovascular elements (arrows) buried in mas-
sive lymphadenopathy.

with Pancoast tumor, obliteration of fat planes between sca-
lene muscles on CT was found to be suggestive of plexus 
involvement [16]. The potential of MR in evaluation of the 
extent of thoracic malignancies and brachial plexus involve-
ment was realized as early as 1989 [62]. In the study of chest 

FIG. 53.18. Coronal T1 MR image through the pelvis of 
patient with extensive bone metastases from prostate cancer and 
right hip and extremity pain. The fat plane separating nerve fi b-
ers of the plexus from abnormal bone obliterated on the right, as 
compared to the left (arrows).
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tumor, which generally carries an unfavorable progno-
sis. CT may demonstrate poor defi nition of neurovascular 
bundle and increased density of regional fat, without rec-
ognizable soft tissue mass [70] and MR may reveal thick-
ening and indistinct outline of plexus components, again 
without identifi able focal mass (Figures 53.19 and 53.20). 
There is no uniform agreement as to signal intensity pat-
terns and contrast enhancement of RIF. While some inves-
tigators reported low intensity of both T1- and T2-weighted 
sequences [71], others described variable signal changes 
[72–74]. Parascalene and interscalene T2 hyperintensity was 
reported by Bowen [75] and the degree of T2 hyperintensity 
was found to correspond with severity of fi brosis by Hoeller 
[74]. Positive contrast enhancement was reported by most 
investigators, even in very delayed cases [72].

SUMMARY
Clinical assessment of plexus involvement by pri-

mary neoplasm, metastases or conditions related to treat-
ment is limited and imaging studies (CT, MR) are routinely 
requested to characterize further the nature and extent of 
the process. With its many advantages over CT, MR with 

and without contrast is presently considered the imaging 
modality of choice in evaluation of plexus disease. Utilizing 
high-resolution devices, we are now able to visualize indi-
vidual nerves (MR neurography). However, there are still 
many limitations of MR technique, such as inhomoge-
neous fat suppression or vascular fl ow artifacts, making 
the interpretation diffi cult. Although abnormal signal or 
enhancement within the individual nerve can be depicted, 
the process cannot be further characterized (e.g. benign 
or malignant). Recently introduced into clinical practice, 
higher fi eld strength (3 T) MR may offer superior resolution 
and improved options for functional imaging. As for the 
‘state of the art’ approach at present, it includes thorough 
clinical examination, followed by high-resolution phase-
array MR, with and without contrast. Dynamic CT should 
be reserved for patients unable to have MR and instances 
when additional information on bone detail or vascular 
anatomy is also needed. PET scanning plays a complemen-
tary role to MR in assessment of neoplastic involvement.

FIG. 53.19. Coronal CT reconstruction image of patient with 
extensive infi ltration of neurovascular structures and scalene mus-
cle complex due to metastatic cholangiocarcinoma. Note normal 
neurovascular bundle on the right side (arrows). FIG. 53.20. Patient with breast cancer and suspected post-radi-

ation right brachial plexopathy. MR reveals matting and thickening 
of the right neurovascular bundle (arrows) without recognizable 
soft tissue mass, consistent with clinical diagnosis of RIF.
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INTRODUCTION
Normal peripheral nerves develop from axons migrat-

ing from the neural tube and elements from the neural 
crest. They are supported by connective tissue stroma and 
Schwann cells [1]. Myelinated fi bers have one axon encased 
by one Schwann cell. Unmyelinated fi bers have many axons 
encased by one Schwann cell. Each individual axon is sur-
rounded by an endoneurium. Groups of axons are bundled 
together and encased by perineurium. Multiple groups of 
axons running together produce a peripheral nerve and 
this is encased by epineurium. This produces a fasicular 
appearance of peripheral nerves on imaging with magnetic 
resonance imaging (MRI) or ultrasound [2–4]. Nerve signal 
conduction is energy dependant and hence there is a pro-
fuse blood supply in the immediately adjacent soft tissues.

The presentation and clinical or imaging fi ndings of 
neurogenic tumors will depend on the nerve involved. Most 
often these will be painless masses. Sometimes they will 
become tender to palpation and shooting pains in the nerve 
distribution will develop. When produced clinically this is 
Tinel’s sign. If nerve transmission is affected, then secondary 
effects on muscles supplied by the nerve may become appar-
ent with weakness and wasting.

The location of the mass may be a useful indicator as 
to the type of lesion. If a plantar digital nerve is involved, 
a Morton neuroma may be suspected, if a mass is seen 
beneath the fi ngernail a glomus tumor is a consideration, 
if the median nerve is enlarged a neural fi brolipoma may 
be the cause. PNSTs tend to involve large nerve trunks and 
nerve sheath ganglia are often seen about the knee.

With imaging, the shape of the lesion can lead to a diag-
nosis of nerve sheath tumor. The ‘string sign’ refers to vertical 
soft tissue extending from both ends of the mass and repre-
sents the entering and exiting nerve. The ‘split fat sign’ refers 
to the displaced fat surrounding the neurovascular bundle 
and tumor. With MRI, a target pattern that is the reverse of 
that normally seen in tumors may be apparent. This has low 
signal centrally and high signal peripherally on fl uid sensitive 

imaging. Following intravenous gadolinium, the opposite 
signal pattern may occur which is also the reverse of most 
tumors and this combination is virtually diagnostic of a 
nerve sheath tumor. Enhancement is more often non-spe-
cifi c. Should imaging show central necrosis or hemorrhage 
in a tumor otherwise resembling a PNST, then ancient 
schwannoma should be considered.

Although biopsy of the mass can be diagnostic, this is 
often painful with smaller lesions.

BENIGN PERIPHERAL NERVE SHEATH 
TUMORS

Benign peripheral nerve sheath tumors (PNSTs) are 
divided into neurilemoma (schwannoma) and neurofi -
broma. They are similar lesions clinically and on imaging, 
but differ histologically and in their frequency of association 
with NF1. Both contain elements related to the Schwann 
cell. Neurilemoma is composed entirely of Schwann cells, 
but neurofi bromas contain all elements of peripheral nerves, 
including fi broblasts, Schwann cells and neurites.

Neurilemoma
Neurilemoma is also known as benign schwannoma 

and neurinoma. These tend to occur in the 20–30-year age 
group with an equal sex distribution. They represent approx-
imately 5% of all benign soft tissue tumors [5,6]. Common 
sites are the fl exor surfaces of the upper and lower extremi-
ties, particularly the ulnar and peroneal nerves. Classically, 
the tumor lies eccentric to the native nerve, with the normal 
nerve components (fascicles) maintained. Histologically, 
they are composed of two types of tissue – Antoni A and B 
tissue types. Antoni A tissue is central in location and of high 
cellularity with bundles or fascicles of spindle cells. If the 
Antoni A tissue predominates, then the tumor is referred to 
as a cellular schwannoma. It is this part of the tumor that 
enhances strongly. Antoni B tissue is peripheral, relatively 
hypocellular and contains myxoid tissue and is of high water 
content, accounting for the high signal on T2-weighted 
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(T2W) images. These tissue types are often intermixed with 
varying amounts of the two tissues. They are immunohisto-
chemical S100 protein positive [5–7].

Neurilemoma is usually solitary and shows slow growth. 
At presentation, they are usually an asymptomatic mass less 
than 5 cm in diameter [6,7]. Fusiform on small nerves and 
eccentric on larger nerves, they grow within the epineu-
rium. Because of the nerve to which they are attached, they 
are mobile side to side, but fi xed longitudinally in the line 
of the nerve. When they are multiple, approximately 5% of 
patients will be found to have NF1 [6].

Large neurilemomas may degenerate and, when they 
do so, are referred to as ‘ancient schwannomas’. In this case, 
they may show cystic change, areas of calcifi cation, hemor-
rhage or fi brosis [6,7].

Treatment can be complete surgical resection if they 
can be separated from the underlying nerve or are superfi -
cial and the nerve can be spared [8]. If not, partial resection 
may suffi ce and recurrence is rare. Malignant transforma-
tion is rare.

Neurofi broma
Like neurilemoma, these also occur in the 20–30-year 

age group with equal sex distribution [9]. They also repre-
sent approximately 5% of benign ST tumors [5]. Although 
similar in many ways to neurilemoma when imaged, they 
are histologically different with no Antoni cellular histology, 
but rather have abundant central collagen [5–7]. They are 
immunohistochemical S100 protein positive, but less so than 
neurilemoma [5]. Degeneration is less common than with 
neurilemoma. There are three classic types: localized (90%), 
diffuse (typically subcutaneous in the neck) and plexiform 
(pathognomonic of NF1). The localized form is not associ-
ated with NF1 in 90% of cases, in which case, are referred to 
as solitary. When solitary, malignant change is rare. They are 
usually superfi cial and, at presentation, are less than 5 cm in 
diameter and painless [5,8]. They are fusiform on the native 
nerve and surgically inseparable. On a large nerve, they 
remain within the epineurium and are encapsulated. On a 
small nerve, they extend beyond the epineurium, but are still 
well defi ned [5,8].

The diffuse form is usually seen in children and young 
adults involving the head and neck. Ninety percent of these 
are not associated with NF1. They are poorly defi ned sub-
cutaneous, plaque-like infi ltrates.

The plexiform type of PNST is essentially pathogno-
monic for NF1. It has been described as having a ‘bag of 
worms appearance’. These tend to follow the course of a 
nerve and to be a diffuse, multinodular, coalescent sheet-like 
mass consisting of diffuse soft tissue or nerve enlargement. 
They may involve the skin, subcutaneous tissue or deeper 
nerves and cause distortion of bone growth. In addition, 
they may cause disfi gurement and/or functional disability 
and cause massive enlargement of extremities (elephantiasis 
neuromatosa) [10].

Imaging of Benign PNSTs
There are three good review articles on the imaging of 

PNSTs [11–13]. Radiographically, they usually have either 
a normal x-ray or non-specifi c soft tissue mass, rarely with 
surrounding fat outlining the mass (Figure 54.1). Bony ero-
sion may be seen in longstanding cases, and this has a scle-
rotic margin compatible with the slow growth of the tumor 
(Figure 54.2). Calcifi cation is uncommon and, when present, 
may suggest an ‘ancient schwannoma’ with degeneration 
(Figure 54.3). If the tumor is associated with NF1, then some 
of the associated osseous abnormalities of this condition 
may be seen, such as pseudoarthrosis, or elephantiasis neu-
romatosa with bony overgrowth.

Angiography may show displaced vessels or corkscrew 
vessels at either end of the tumor [14,15]. Scintigraphy 
with methylene diphosphonate (MDP) will only show mild 
increased uptake at all phases unless the tumor is calcifi ed. 
Gallium-67 (Ga-67) shows increased uptake in malignant 
PNSTs, but not those that are benign [16,17].

With sonography (ultrasound), both neurofi broma 
and neurilemoma are usually solid non-compressible, well 
defi ned hypoechoic soft tissue masses (Figure 54.4) that have 
faint distal acoustic enhancement. Occasionally, they may 
have a coarse echotexture, or have focal hyperechoic areas 
thought to be due to collagen rich regions within the tumor. 
Ultrasound can also have a target-like appearance with a 
ring of increased echoes within the tumor, and when present 
is virtually pathognomonic of a neurogenic tumor. As with 
other imaging, fusiform shape and string sign suggest a neu-
rogenic tumor (Figure 54.5) [2,3,18,19].

A B

FIG. 54.1. A 40-year-old female with neuroma of the right 
forearm. The PA (A) and lateral (B) radiographs of the forearm 
show a well defi ned fusiform mass (outlined by white arrows). 
Note the ‘split fat’ around the mass and the apparent entering 
and exiting nerve on the lateral view. A small fl eck of calcifi ca-
tion could indicate early degeneration (black arrowhead).



Because of the lipid in Schwann cells and relatively 
high water content, benign PNSTs are low attenuation on 
unenhanced computed tomography (CT), of the order of 5–
25 Hounsfi eld units (HU). Should this become increased or 
heterogeneous, then transformation to a malignant PNST 
should be considered. As with plain fi lms, calcifi cation is 
uncommon and when present may suggest an ‘ancient 
Schwannoma’ with degeneration (see Figure 54.3A). 

CT may also show central necrosis, again suggesting 
an ‘ancient Schwannoma’. CT may also show a target-
like appearance with increased density centrally due to 
increased collagen [20–22].

MRI is considered to be the superior imaging modal-
ity for demonstrating the classic fi ndings of PNSTs. These 
include fusiform shape, visualization of the entering and 
exiting nerve, target signs, split-fat sign, fascicular sign and 

B E N I G N  P E R I P H E R A L  N E R V E  S H E AT H  T U M O R S  •  573

A B C

FIG. 54.2. A 35-year old-female with 
NF1. The frontal radiograph (A) of the 
right hip shows well defi ned erosions with 
thin sclerotic margins involving the femo-
ral head and superomedial acetabulum 
(white arrows). The coronal T1 (B) and 
coronal T1 fat saturation post-intrave-
nous gadolinium (C) images demonstrate 
the intra-articular neurofi broma which 
strongly enhances and is causing the 
mechanical bony erosion (white arrows).

A B C

D E

FIG. 54.3. A large right paravertebral ancient schwannoma is seen in this 37-year-old female with neurofi bromatosis type 1. 
(A) The arterial phase and (B) the equilibrium phase of abdominal CT scan. The tumor is outlined (black arrows). Note the areas of 
calcifi cation (white arrow) and the early arterial (septal) enhancement with later heterogeneous enhancement. Note also the vertebral 
erosion. (C) Axial T1 images show the homogeneous intermediate signal and (D) axial T2 images the heterogeneous pattern often seen 
in neurogenic tumors due to their fasicular pattern. The coronal T2 image (E) shows other additional tumors arising from the spine.



associated muscle atrophy. However, it is not usually possi-
ble to separate neurofi broma from neurilemoma by imag-
ing. MR signal is T1 isointense to muscle and T2 variable 
increased signal [23,24].

The fusiform shape of the tumor and the visualization 
of the entering and exiting nerve giving a tail to the tumor 
are considered the most important features that distin-
guish neurogenic tumors from non-neurogenic tumors 
when using MRI (Figure 54.6) [23]. Normally, the margins of 
the tumor are distinct and, if this becomes indistinct, then 
malignant PNST or diffuse and plexiform NF should be 
considered. The ‘target sign’ refers to increased peripheral 
signal with fl uid sensitive imaging from high water content 
and myxoid tissue [25]. The low signal center is due to the 
Antoni A tissue high cellularity with bundles or fascicles 
of spindle cells in the case of neurilemoma (Figure 54.7) 
and central fi brosis with high collagen content in the case 
of neurofi broma (Figure 54.8). This is the reverse of most 
other tumors which, due to central necrosis, have increased 
fl uid signal centrally. The ‘fascicular sign’ refers to the pat-
tern of the signal within the tumor being similar to a nor-
mal peripheral nerve [8], with multiple ring-like structures 

A B
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FIG. 54.4. A 55-year-old female having ultrasound for deep 
vein thrombosis evaluation who was found to have a neurilemoma 
emerging from the left L2–3 neural foramen. Ultrasound scan of the 
left fl ank (A), coronal plane, rotated 90 degrees to match the coro-
nal T1W MRI of the lumbar spine (B). Tumor shown by calipers on 
the ultrasound and by 3 white arrows on the MRI. Additional axial 
T1W (C) and axial T1 post-intravenous gadolinium (D) images 
show the enlargement of the foramen by the tumor and the mild 
enhancement (white arrows).

FIG. 54.5. Common peroneal nerve neurofi broma. Longitudinal 
ultrasound rotated 90 degrees shows a well defi ned, fusiform, 
hypoechoic solid mass with posterior acoustic enhancement (white 
arrows). Note the entering and exiting nerve (black arrows) lies 
centrally, suggesting neurofi broma rather than neurilemoma.
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A B

FIG. 54.6. Common peroneal nerve neuroma (white arrows) 
just above the knee in a 54-year-old female. Coronal T1W (A) and 
coronal protein density with fat saturation (B) clearly show the fusi-
form shape and entering and exiting nerve. In addition, the protein 
density images show a mild target sign with peripheral high signal.

which are most conspicuous on T2-weighted (T2W) imag-
ing (Figures 54.7 and 54.9). The ‘split fat sign’ [21] refers 
to the way the fat of  normal neuronal fascial plane wraps 
around the mass, producing a thin high signal rim with 

FIG. 54.8. Neurofi broma of the anterior compartment of the 
mid forearm. Axial images – T1W (A), T2W (B), STIR (C) and 
T1 fat saturation post-intravenous gadolinium (D) – show the 
pathognomonic signal characteristics of a PNST: isointense to 
muscle on T1W, high peripheral signal on T2W, very bright with 
STIR and central enhancement following gadolinium.

A

C D

B

FIG. 54.7. Subcutaneous neurilemoma of the anterolateral aspect of the distal left calf in a 23-year-old man. The frontal radiograph 
(A) shows a focal soft tissue fullness of the lateral calf (white arrow). The three axial MRI images – protein density with fat saturation (B), T2W 
with fat saturation (C) and T1W fat saturation post-intravenous gadolinium (D) – and the three coronal images – T1W with fat saturation 
pre-gadolinium (E) and post-gadolinium (F) and protein density with fat saturation (G) – show some of the characteristic image fi ndings. 
The fasicular pattern seen best on (B), the peripheral high signal on fl uid sensitive images producing the target sign (C and G) and central 
enhancement seen on (D, E and F combined).

A B C

D E F G
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triangles at either end on T1W imaging (Figure 54.10). 
Following intravenous gadolinium (Gd), a useful diagnos-
tic feature is enhancement that follows a reverse target 
sign of that seen with T2W (center/cellular area enhances 
more than periphery) (Figures 54.7 and 54.8). This is again 
the reverse of most non-neurogenic tumors which enhance 
at the growing periphery rather than the necrotic center 
and, as such, is almost pathognomonic of benign PNSTs. 
However, this is not the norm and enhancement is variable 
for both benign and malignant tumors. Malignant PNSTs 
usually have more enhancement [8].

Plexiform neurofi bromas appear as large lobulated 
masses following the course of peripheral nerves (Figure 
54.11), particularly the sciatic nerve (Figure 54.12). They are 
usually high signal on T2W (occasionally low due to high 
collagen content) and low signal on T1W images with vari-
able enhancement.

Neurofi bromatosis (NF1)
This is one of the commonest genetic diseases which, in 

addition to the fi ndings of multiple PNSTs, also shows many 
other relatively distinctive features due to accompanying 
mesodermal dysplasia. It is one of the neurocutaneous syn-
dromes or phakomatoses, along with tuberous sclerosis, 
Von Hippel Lindau, ataxia telangiectasia and Sturge Weber 
Dimitri syndromes. NF1 was the fi rst phakomatosis to be 
recognized, described by von Recklinghausen [26] and has 
become known as von Recklinghausen’s disease of bone. 
There are eight variants numbered NF I–VIII, but 90% of 
these are NF1 and 9% NF2. NF1 has an incidence of one in 
3000 and when hereditary is autosomal dominant, due to 
a defect at the pericentric location of chromosome 17, but 
50% are spontaneous mutations [27,28]. Increased pater-
nal age increases the number of cases of new mutations. 
The gene at the above location codes for the production of 
the protein neurofi bromen, which appears to be a tumor 
suppressor. The PNSTs of NF1 may be localized, diffuse or 
plexiform. NF1 presents with the classic triad of cutane-
ous lesions, skeletal deformity and mental retardation. 
The diagnostic criteria for NF1 are shown in Table 54.1. In 
addition, there may be manifestations of the accompany-
ing mesodermal dysplasia, which can present as a range of 
musculoskeletal deformities of which scoliosis is the com-
monest. These are shown in Table 54.2.

All of the three types of neurofi broma mentioned 
above (localized, diffuse and plexiform) can be associated 
with NF1 [29]. However, most of the localized and diffuse 
variants are not associated with NF1, but the presence of a 
plexiform neurofi broma is virtually pathognomonic of NF1. 
Neurofi bromas in patients with NF1 tend to involve the skin 
and subcutaneous tissues, but also the peripheral nerve 
trunks. Neurofi bromas in patients with NF1 tend to be mul-
tiple and more often involve deep large nerves than do soli-
tary neurofi bromas.

FIG. 54.10. Neurilemoma within the fl exor hallucis longus 
muscle of the calf in a 46-year-old female. Coronal T1W (A) and 
T1 fat saturation post-intravenous gadolinium (B) show the split 
fat sign with triangles of fat at either end of the tumor, high sig-
nal on T1W (white arrow) and suppressing on the fat saturation 
image. Note the central enhancement (white arrow).

A B
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FIG. 54.9. A 26-year-old man with NF1 and a large neuril-
emoma of the tibial nerve extending into its medial and lateral 
plantar nerve branches, which shows a partial fasicular pattern 
on this axial T2W image (white arrow).



A B C
FIG. 54.11. A 35-year-old female 
with NF1, demonstrates a classic 
plexiform neurofi broma along the 
course of the common peroneal nerve. 
The frontal radiograph (A) shows an 
ill defi ned soft tissue mass laterally 
and erosion of the proximal fi bula. 
The coronal MRIs – T1W (B) and T1 
fat saturation post-intravenous gado-
linium (C) – show the large heteroge-
neous serpentine mass resembling a 
‘bag of worms’ with strong enhance-
ment and additional bony erosion of 
the adjacent tibia.

FIG. 54.12. A 29-year-old female with NF1. The coronal T2W 
fat saturation image shows extensive plexiform neurofi bromas fol-
lowing down the course of the sciatic nerve bilaterally.

Diagnostic criteria for NF1 are 2 or more of the following:
• 6 or more café-au-lait macules
 • �5 mm prepubertal
 • �15 mm post-pubertal
• Two or more neurofi bromas or one plexiform neurofi broma
• Axillary or inguinal freckling
• Optic glioma
• Two or more Lisch nodules (hamartoma of the iris)
• Distinctive bone lesion
 • Sphenoid dysplasia
 • Pseudoarthrosis
• 1st degree relative with NF1.

T A B L E  5 4 - 1  Diagnostic criteria for NF1

• Scoliosis (short or long segment)
• Kyphosis (often predominates)
• Facial or orbital dysplasia
• Lambdoid suture defects (left sided)
• Pseudoarthrosis (tibia � congenital)
• Periosteal abnormalities (reaction or cyst)
• Multiple NOF or fi broxanthomas
• Rib deformity (ribbon ribs)
• Posterior vertebral scalloping (dural ectasia)
• Elephantiasis neuromatosa
• Mesodermal dysplasia pseudofracture.

T A B L E  5 4 - 2  Manifestations of the mesodermal dysplasia 
of neurofi bromatosis type 1

Neural Fibrolipoma
This has also been referred to as fi brolipomatous hamar-

toma, perineural lipoma or intraneural lipoma, but neural 
fi brolipoma is the preferred name. As the name suggests, 
the pathology is that of fatty (fi brofatty) infi ltration of the 
nerve and this usually presents in a child or young adult, 
with equal sex distribution, as a slowly enlarging soft mass. 

Approximately 90% involve the upper extremity and 85% 
the median nerve. Hence the mass is often felt in the palmar 
region or may present as carpal tunnel syndrome [30–32].

In 30–70% of cases, the neural fi brolipoma is associ-
ated with macrodystrophia lipomatosa (Figure 54.13). 
When involving the distal nerves, this presents as bony and 
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soft tissue overgrowth in the associated sclerotomes (bones 
supplied by specifi c nerve root) of the affected nerve as 
macrodactyly, and hence is often in the second � third 
digits of the hand (Figure 54.14). This diffuse increase in 

fi broadipose and osseous overgrowth ceases at puberty, but 
can lead to secondary osteoarthrosis (Figure 54.15) [33].

Radiographs of the affected area may show a soft 
tissue mass due to the neural fi brolipoma and/or the mac-
rodystrophia lipomatosa, or the bony overgrowth and 
secondary osteoarthrosis. Ultrasound shows a cable-like 
appearance to the enlarged nerve, with alternating hyper- 
and hypoechoic strands. MRI is nearly always diagnostic 
and shows the enlarged nerve with low signal fascicles and 
surrounding fat.

Traumatic Neuroma
Traumatic neuroma is not a neoplasia, but rather an 

overgrowth of normal nerve components trying to regener-
ate the injured nerve, particularly the axons [8,34,35]. This 
represents a normal pattern of healing and is often asymp-
tomatic. These can be divided into two major groups: the 
spindle type, which are due to chronic friction to the nerve 
at a point of irritation or microtrauma, due to stretching or 
compressing of the nerve by localized scar tissue. These are 
internal focal fusiform swellings (Figure 54.16). Secondly, 
the lateral or terminal type, which are secondary to partial 
or total transection of a nerve and produce a bulbous swell-
ing at the site of injury if partial, or on the proximal nerve 
stump if there has been complete transection [34–36].

They present 1–12 months post-injury with pain and 
shooting sensations in the nerve distribution if bumped or 
palpated (Tinel’s sign). Pain that is associated with a neu-
roma does not always have a precise topography and is 
often diffi cult to distinguish from phantom limb pain. They 
are most common in the lower extremity post limb ampu-
tation or surgery and are occasionally seen in the brachial 
plexus and radial nerve [37]. Histologically, they are tangled 

A B

FIG. 54.13. A 47-year-old man with a long history of left arm 
overgrowth that spares the fourth and fi fth digits. Axial T1W (A) 
and protein density with fat saturation (B) images of the upper arm 
demonstrate fatty infi ltration of the median nerve (white arrows) 
and fatty overgrowth with muscle atrophy of the anterior compart-
ment of the arm (black arrows) in this patient with median nerve 
neural fi brolipoma and accompanying macrodystrophia lipoma-
tosa of the biceps and brachialis muscles. Although the median 
nerve does not supply the anterior compartment of the arm muscu-
lature, it has the same nerve root distribution as the musculcutane-
ous nerve of the arm which does supply these muscles. Courtesy 
of Dexter Witte MD, Baptist Memorial Hospital, Memphis.

A B

C D E

FIG. 54.14. A 39-year-old man 
with neural fi brolipoma of the median 
nerve and accompanying macro-
dystrophia lipomatosa of the distal 
median nerve distribution. Axial 
T1W (A), axial T1W with fat satura-
tion post-intravenous gadolinium (B), 
coronal T1W (C), coronal T2 with fat 
saturation (D) and coronal T1W with 
fat saturation post-intravenous gado-
linium (E). This is the classic location 
and appearance of these conditions. 
Note the fatty infi ltration of the 
median nerve which loses signal with 
fat saturation and does not enhance 
(black arrows) and fatty overgrowth 
of the thumb seen best on the coronal 
images.
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masses of axons and other peripheral nerve components, 
sometimes with partial formation of a fasicular pattern. 
They have no malignant potential.

Ultrasound imaging shows a non-specifi c hypoechoic 
mass, unless the history is noted and the native nerve is 
observed. With CT scanning, the attenuation is that of mus-
cle and hence non-specifi c [38]. With MRI, there is interme-
diate signal on T1W images and intermediate to high signal 
on T2W imaging, occasionally with a heterogeneous ring 
(fascicular) pattern (see Figure 54.16). When surrounded by 
fat, as is often the case due to accompanying muscle atro-
phy (Figure 54.17), the lesions are well defi ned. Often, if a 
larger nerve is involved, the association of the tumor to the 
severed nerve can be made (Figure 54.17), but with smaller 
nerves this will be diffi cult. There is variable enhancement 
following intravenous gadolinium (Figure 54.18) [39–41].

Nerve Sheath Ganglion
A ganglion is a myxoid collection of inspissated fl uid 

surrounded by a fi brous capsule of compressed tissue. 
These are often multiloculated. They are thought to arise 
secondarily to a very minor injury to fi brous connective tis-
sue which then produces a loculated fl uid collection.

Nerve sheath ganglia are usually seen in the nerves 
about the knee (peroneal, tibial). Their origin is debated as 
to whether they originate within the nerve or arise in the 
proximal tibiofi bular joint and extend to involve the nerve. 
They may present as a mass if the ganglion is of a large size, 
but commonly present with foot drop (peroneal nerve) even 
when of a small size. This is because of the proximity to the 
osseoligamentous peroneal tunnel between the two heads 
of peroneus longus which arise from the proximal fi bula, 
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FIG. 54.15. A 14-year-old boy with 
a median nerve neural fi brolipoma and 
accompanying macrodystrophia lipomatosa 
involving the index fi nger. AP (A), oblique 
(B) and close up oblique (C) radiographs 
of the right hand show the bony and soft 
tissue overgrowth of the index fi nger and 
secondary osteoarthrosis of the proximal 
interphalangeal joint. The axial (D) and 
coronal (E) T1W images show the singi-
fi cant soft tissue and bony overgrowth and 
the coronal T1W with fat saturation post-
intravenous gadolinium magnetic reso-
nance angiogram shows the accompanying 
increase in blood (F) fl ow to that ray.



material [45]. With MRI, the mass will have low signal on 
T1, occasionally with slight increase over that of water due 
to the proteinaceous material, high signal (light bulb lesion) 
with T2W imaging and show a thin rim of enhancement fol-
lowing intravenous Gd due to the compressed tissue at the 
periphery [46]. The other major fi nding with MRI will be the 
secondary effects upon the muscles supplied by that nerve 
(Figure 54.19). For the fi bular tunnel this will be both the per-
oneal and anterior compartments of the leg. Initially, there is 
seen to be muscle edema and subsequently fatty atrophy.

Morton’s Neuroma
Morton’s neuroma is actually a perineural fi brosis 

induced by friction on the plantar nerve at the level of the 
metatarsal heads [5]. It is far more common in women 
(up to 18:1) which has led to the speculation that it is 
induced by the wearing of high heels [47,48]. These cause 
dorsifl exion at the metatarsophalangeal joints and stretch 
the plantar nerve at its point of bifurcation into the digital 
nerves as it passes over the intermetatarsal ligament. Other 
provocative factors include arthritis, ganglion cysts, run-
ning, ballet or an enlarged intermetatarsal bursa [49] as may 
be seen in rheumatoid arthritis [50].

Another theory is that it is induced by ischemia [51]. 
There is often an associated infl ammatory response 
with fl uid seen in the adjacent intermetatarsal bursa and 
surrounding soft tissue hyperemia. Morton neuromas are 
most commonly seen at the third interspace between the 
third and fourth metatarsal heads. This is thought to be 
the commonest site because the medial and lateral plantar 
nerves combine in this interspace to produce a slightly 
larger interdigital nerve, or that there is more tethering of 
the nerve due to the two nerves combining. The second 
interspace is the next most common. They are uncommon 
at the fi rst interspace, where they go by the name of Joplin 
neuroma, and rare in the fourth interspace.

Histologically, there is thickening of the epineural fasci-
cles, perineural fi brosis with high collagen content (Renaut 
bodies) and loss of the myelinated fi bers.

Clinically, there may be localized pain or pain radiating 
to the toes [52]. This is brought on by exercise, or by palpa-
tion. A unilateral distribution predominates. The actual neu-
roma is not usually palpable, but an accompanying infl amed 
bursa may be. The size of the lesion relates to symptoms 
with many smaller lesions seen at imaging being found to be 
asymptomatic.

Radiographs are invariably normal but, sometimes, 
increased intermetatarsal distance can suggest a large neu-
roma (Figure 54.20). They are principally used to exclude 
other pathology. Ultrasound shows a round or ovoid hypo-
echoic mass with internal echoes in the intermetatarsal 
space. Being a dynamic interactive investigation, the mass 
can easily be correlated with the patient’s symptoms by 
pressure on the probe. Any accompanying bursitis is seen 
as an anechoic adjacent lesion. Color or power Doppler is a 

A B

FIG. 54.16. Spindle type traumatic neuroma of the common 
peroneal nerve. (A) AP radiograph of the lateral aspect of the left 
knee shows post-traumatic dystrophic ossifi cation in the region of 
the expected course of the common peroneal nerve. (B) Axial pro-
ton density image at the level of the proximal fi bula shows fusiform 
enlargement of the common peroneal nerve with maintenance of 
the fasicular pattern (black arrow) secondary to the chronic irri-
tation of the nerve by the post-traumatic changes to the adjacent 
tissues.

A B

FIG. 54.17. Terminal type traumatic neuroma of the sciatic 
nerve stump in a 60-year-old female who is 4 years post amputa-
tion and has had 1 month of pain. Coronal T1W (A) and coro-
nal T2W with fat saturation (B) image of the left thigh show the 
tortuous sciatic nerve surrounded by fat ending in a bulbous tip 
with increased fl uid signal (black arrows).

forming a tunnel through which the nerve passes. Here the 
nerve becomes compressed by the ganglion [42,43].

Imaging of nerve sheath ganglia will reveal a well defi ned 
cystic mass. Hence, on ultrasound, there will be an anechoic 
structure, possibly with some septation, with increased 
through transmission [44]. With CT, the density will be 
slightly above water due to inspissation and proteinaceous 
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useful adjunct to assess for the associated infl ammation of 
the bursitis [53,54].

MR signal characteristics (see Figure 54.20) are of low 
signal on T1W images, best seen on coronal imaging. With 
T2W imaging, the signal is variable, but generally remains 
relatively low or equal to fat. Hence conspicuity on T2W 
images is less good. Because of this, the tumor is best seen 
with fat saturation and this also brings out any accompany-
ing intermetatarsal bursitis which will be high signal inten-
sity with T2W imaging. Enhancement with intravenous 
gadolinium will often demonstrate peripheral enhance-
ment and will increase sensitivity over T2W imaging [55]. It 
is also helpful in separating fi brosis (enhances solidly) from 
bursa (enhances peripherally). Intermetatarsal bursitis 
often coexists with, or causes, a Morton neuroma. The pres-
ence of small asymptomatic neuromas can be normal when 
3 mm or less in the fi rst to third intermetatarsal spaces. 
Zanetti and colleagues [56] have shown that MRI is 90% 
accurate, positive predictive value (PPV) 100%, negative 

predictive value (NPV) 60% and introduced the following 
diagnostic criteria:

1  centered in NV bundle at the intermetatarsal space on 
the plantar side of intermetatarsal ligament

2 well demarcated
3 signal intensity equal to muscle on T1W.

Erickson and co-workers [57] showed intermetatarsal 
bursal fl uid in 67% of patients with neuroma. With prone 
imaging, the neuroma is plantar to virtual plantar cortical 
line. With supine and weight bearing imaging, the neuroma 
migrates dorsally. The shape and transverse measurement 
change. Neuromas are most conspicuous on prone images. 
This is important since neuromas larger than 5 mm have a 
much better surgical outcome [58,59].

Glomus Tumor
This benign, usually solitary tumor, most often 

presents in adults with equal sex distribution, unless in the 

A B C

FIG. 54.18. Terminal type traumatic neuroma of the sciatic nerve stump in a 71-year-old man whose status is post above knee 
amputation of the left leg. Axial T1W (A), axial T2W (B) and axial T1W post-intravenous gadolinium (C) images show a well defi ned 
mass (black arrows) of low signal on T1W, intermediate signal on T2W and with moderate enhancement post-gadolinium.

A B C

FIG. 54.19. Three different patients with ganglia at osseoligamentous tunnels causing nerve entrapment syndromes. Common pero-
neal nerve ganglion (A): axial T2W with fat saturation shows the ganglion (black arrow) and the accompanying muscle edema in the 
peroneal and anterior compartments of the leg (white arrow). Posterior interosseous nerve of the forearm entrapment by a ganglion 
arising in the annular periradial recess and compressing the nerve beneath the arcade of Frohse at the proximal supinator muscle (B): 
axial T2W with fat saturation. The edema is seen in the posterior compartment of the forearm and in supinator muscle (white arrow). 
Suprascapular nerve ganglion compressing the nerve in the suprascapular notch in a 26-year-old man (C) (white arrowhead): sagittal 
proton density with fat saturation and causing edema of both the supra and infraspinatus muscles (white arrows).

B E N I G N  P E R I P H E R A L  N E R V E  S H E AT H  T U M O R S  •  581



neuromyoarterial glomus. Symptoms are out of propor-
tion to the small size of the lesion, which is usually less 
than 1 cm in size, and include localized tenderness, intense 
intermittent pain and cold sensitivity.

Histologically, there are three types: vascular, myxoid 
and solid, ranging from more vascular to more glomus cells.

Imaging with plain fi lms (Figure 54.21) and CT may 
show well defi ned bony erosion with a thin sclerotic margin 
of the adjacent bone if the lesion is subungual. Ultrasound 
shows a hypoechoic mass and MRI a lesion of low signal on 
T1W and high signal on T2W [60,61].

MALIGNANT PNST
Malignant PNST is now the accepted name for tumors 

that previously may have been called neurosarcoma or 
malignant schwannoma [62]. These account for 5–10% of 
all soft tissue sarcomas [62,63]. They tend to occur in the 
20–50 year age range. There is a nearly even sex distribu-
tion overall, but when the tumor occurs in a patient with 
NF1, there is a strong male predominance of up to 80% 
[8,62]. They are associated with NF1 in 25–70% of cases 
and, when they do so, occur a decade earlier than other-
wise. The potential for malignant degeneration of a benign 
PNST in a patient with NF1 is approximately 5% of patients. 
Malignant PNSTs may also be secondary to radiotherapy, 
in which case there is usually a 10–20 year lag period from 
radiotherapy to presentation. This accounts for 11% of 
malignant PNSTs [62,64].

A B

FIG. 54.21. Subungal glomus tumor of the fi nger. (A) AP 
and (B) lateral radiographs of the ring fi nger show a subungual 
lucency (arrows) due to bony erosion by the tumor.

A

B

C

D

FIG. 54.20. A 51-year-old female with a third interspace 
Morton neuroma. (A) AP radiograph of the left foot, (B) coronal 
T1W, (C) coronal T2W with fat saturation and (D) coronal T1W 
with fat saturation post-intravenous gadolinium. The radiograph 
suggests widening of the third interspace. The MRI images show 
a well defi ned mass of low T1 signal (white arrow) which stays of 
relatively low signal on T2W images apart from accompanying 
bursal fl uid seen dorsally (white arrowhead). Following gadolin-
ium, there is intense enhancement of the neuroma and periphery 
of the bursa.

commonest location beneath the nail (subungual glomus 
tumor) when it is more common in women. Seventy-
fi ve percent occur in the hand, with the second most 
common site being the sole of the foot. It arises from the 
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Malignant PNSTs commonly involve large nerves such 
as the sciatic nerve and sacral and brachial plexus [65]. 
They present with a painful, rapidly enlarging mass, usu-
ally larger than 5 cm, often with neurologic symptoms and 
weakness. The tumor spreads along the nerve and hence 
may still have a fusiform shape.

Imaging is useful in helping to differentiate benign 
from malignant PNSTs. Benign PNSTs on MRI will show a 
well circumscribed homogeneous low T1 signal and vari-
able high T2 signal and may show a target sign of a central 
zone of low signal with surrounding increased signal on 
T2W images [66]. Malignant PNSTs (Figure 54.22) show a 
heterogeneous mass [67] with areas of hyperintensity due 
to hemorrhage and necrosis and with infi ltrative margins. 
Calcifi cation is seen in 10–15% of tumors. The target sign 
on T2W imaging and post-Gd is less often seen. When a 
Ga-67 citrate nuclear medicine study of PNST is positive, it 
is usually sarcomatous [16,17].

These are usually high-grade sarcomas. As with other 
sarcoma metastases, metastases from malignant PNSTs 

go principally to the lung and bone. Local nodes are only 
seen in 9% of patients. Surgical excision and adjuvant 
chemotherapy and/or radiotherapy are the treatment of 
choice, but still 40% recurs and 60% metastasizes. The 5-year 
survival is approximately 44%, but is worse in the older 
patient with larger and more central lesions. Having under-
lying NF1 does not affect prognosis.

METASTASES TO NERVES
Hematogenous metastases to nerves are rare and, 

when seen, involve the larger nerve trunks, such as the 
sciatic nerve (Figure 54.23). Direct invasion of peripheral 
nerves tends to occur to the brachial plexus, particularly 
with apical lung tumors (Pancoast tumors) and to the lum-
bosacral plexus with colorectal and gynecological malig-
nancy [68–70].

SECONDARY SIGNS
In addition to the direct visualization of a neurogenic 

tumor, there may also be times when the secondary effects 
of nerve compression will be visualized by changes in 
the muscles supplied by that nerve [71]. This most often 
occurs when the tumor causes nerve entrapment at a fi bro-
osseous tunnel. These tunnels are most commonly adjacent 
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FIG. 54.23. Metastatic melanoma to the median nerve of 
the arm in a 74-year-old female. (A) Axial T1W, (B) axial STIR, 
(C) coronal T1W and (D) coronal T1W with fat saturation post-
intravenous gadolinium. Note the location of the lesion in relation 
to the exiting nerve trunk, the high signal of the lesion on STIR 
images and heterogeneous peripheral enhancement.

A B

C D

FIG. 54.22. Malignant PNST of the sciatic nerve just above 
the knee occurring in a 47-year-old man with known history of 
NF1. The mass has been present for 10 months and is painful 
and enlarging. (A) Axial T1W, (B) axial T2W, (C) axial STIR 
and (D) axial T1W post-intravenous gadolinium. Note the 
large size of the lesion, its location along the line of the sciatic 
nerve, its heterogeneous signal and its heterogeneous enhance-
ment. Courtesy of Robert Downey Boutin, MD, Medical Director, 
MedTel International, Davis.
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INTRODUCTION
Cerebrovascular disease is the second most common 

cause of pathologically proven central nervous system disease 
in cancer patients and was found in 14.6% cancer patients in 
a large autopsy series, out of which 51% patients were clini-
cally symptomatic related to the cerebrovascular disease [1]. 
However, etiopathogenesis and clinical presentation of stroke 
in cancer patients are signifi cantly different as compared to 
the general population. Most of the causes of stroke in this 
unique group of patients are either directly related to the 
tumor and the paraneoplastic syndrome or are related to the 
therapy apart from various host factors. Aggressive treatment 
approaches with multimodality management, such as radia-
tion therapy, chemotherapy or combination therapies, can 
cause additional stress, leading to unusual or accelerated cer-
ebral vasculature disorders. Imaging evaluation of a patient 
with a known cancer, presenting with stroke or encephalop-
athy can help diagnose the cause of stroke. Cerebrovascular 
event can also be the presenting feature frequently, which 
can lead to an unsuspected malignancy.

Initial imaging evaluation in a cancer patient suspected 
of a CNS vascular disorder usually involves computed tom-
ography (CT) for assessment of ischemic or hemorrhagic 
stroke, followed by further evaluation with magnetic reso-
nance imaging (MRI) which is more sensitive. However, 
management of these patients depends on the cause of the 
stroke, which will require evaluation of the cerebral vascula-
ture. With recent advances in non-invasive imaging modali-
ties such as CT and MR angiography/venography, the role of 
diagnostic catheter angiography for cerebrovascular throm-
botic or stenotic disease has become limited. Perfusion 
imaging using MR or CT perfusion techniques can help in 
assessment of cerebral blood fl ow, which further aids in eval-
uation of the cause and extent of cerebrovascular compro-
mise. Imaging features of the cerebrovascular complications 
associated with tumors, mostly with central nervous system 
malignancies, either directly related to the tumor or related 
to the effects of the therapy, are reviewed in this chapter, 
with an emphasis on various advanced imaging techniques.

TUMOR-RELATED CEREBROVASCULAR 
COMPLICATIONS

Coagulopathy
Stroke in cancer patients is often related to systemic 

coagulopathy, which can be a hypercoagulable state caus-
ing ischemic stroke or disseminated intravascular coagu-
lation which can cause hemorrhagic stroke. Thrombotic 
episodes may precede the diagnosis of malignancy by 
months or years and can present as migratory superfi -
cial thrombophlebitis (Trousseau’s syndrome), idiopathic 
venous thrombosis, non-bacterial thrombotic endocarditis 
(marantic endocarditis), disseminated intravascular coagu-
lation, thrombotic microangiopathy (e.g. hemolytic-uremic 
syndrome) or with arterial thrombosis [2]. Non-bacterial 
thrombotic endocarditis (NBTE) is a manifestation of the 
hypercoagulable state in cancer patients and develops when 
sterile platelet-fi brin vegetations form on cardiac valves. 
The possibility of NBTE should be considered in all cancer 
patients who develop an acute stroke syndrome, as well 
as patients with cancer presenting with cerebral embolism 
of unknown etiology [3]. Multiple and often hemorrhagic 
infarcts are seen in multiple vascular territories caused 
by embolization of cardiac platelet-fi brin vegetations 
or by thrombotic occlusion of medium and small-sized 
vessels. Cerebral angiography can detect vascular 
occlusions typically involving middle cerebral artery 
branches [3]. Diffusion-weighted imaging can show mul-
tiple small and medium or large disseminated lesions 
in NBTE as compared to single lesion, territorial infarc-
tion and disseminated punctate lesions seen in infective 
endocarditis [4].

Venous Thrombosis
Cerebral venous thrombosis (CVT) as a complication 

of cancer can occur due to ‘paraneoplastic phenomenon’ 
which is seen more commonly with hematologic malig-
nancies [5]. Venous thrombosis can also occur due to direct 

CHAPTER 55

Neuroimaging of Cerebrovascular 
Complications in Cancer Patients

Rajan Jain and Shehanaz Ellika 



588 C H A P T E R  5 5  •  N E U R O I M A G I N G  O F  C E R E B R O VA S C U L A R  C O M P L I C AT I O N S  I N  C A N C E R  PAT I E N T S

invasion or thrombosis of dural sinus by a brain neoplasm 
or by dural/calvarial metastases [5]. The usual clinical pres-
entation is with severe headache, convulsions, focal defi -
cits, or rapid progression to stupor and coma of CVT. Initial 
imaging evaluation of CVT is often done with computed 
tomography. A non-contrast CT (NCCT) scan can show the 
dense triangle sign due to occlusion of the superior sagittal 
sinus by hyperdense clot, hyperdensity along the transverse 
sinus or rarely as a cord sign due to visualization of a throm-
bosed cortical vein. NCCT can also show non-specifi c brain 
swelling or associated multiple infarcts mostly not conform-
ing to an arterial vascular territory. Multifocal hemorrhagic 
infarcts are almost as frequent as non-hemorrhagic inf-
arcts in cerebral venous thrombosis [6]. Contrast enhanced 
CT can show the empty delta sign (Figure 55.1A) due to a 
fi lling defect from a non-enhancing clot in the lumen and 
enhancement of small collateral veins in the walls of the 
sinus [7]. Prominent tentorial enhancement may be seen 
due to venous collaterals and congestion. However, in up to 
30% of cases, initial CT scan can be non-diagnostic, particu-
larly in patients with isolated intracranial hypertension [6].

Magnetic resonance imaging is very sensitive in diag-
nosing CVT. Absence of blood fl ow in the thrombosed sinus 
results in loss of normal fl ow-void seen on fast spin-echo 
images (Figure 55.1B). Various signal abnormalities in the 
involved dural sinus can be seen on MR images depend-
ing on the time interval between onset of thrombosis and 
imaging. Magnetic resonance imaging also helps better to 
delineate the associated parenchymal changes secondary to 
venous drainage obstruction, such as edema, hemorrhagic 
or non-hemorrhagic infarcts. Diffusion-weighted imaging 
(DWI) and apparent diffusion coeffi cient (ADC) pattern seen 
in venous infarcts is variable and heterogeneous, markedly 
different from that seen in pure arterial infarcts sugges-
tive of vasogenic edema mixed with cytotoxic edema [8]. 

This difference probably corresponds in part to the much 
better recovery observed in non-hemorrhagic venous inf-
arcts with normal or increased ADC, and even areas with 
initial reduced ADC can be reversible [8]. However, MRI 
fi ndings can be equivocal in acute thrombosis or in partially 
thrombosed venous sinuses due to fl ow artifacts. MR venog-
raphy (MRV) may assist in establishing the diagnosis and can 
be done using 2D and 3D phase-contrast and time-of-fl ight 
(TOF), as well as 3D contrast-enhanced thin-section gradi-
ent echo techniques. Compared with 2D TOF, 3D contrast-
enhanced thin-section gradient echo techniques are more 
sensitive to dural sinus thrombosis and are less affected 
by saturation artifacts [9]. With the advent of multislice CT 
scanners, CT venograms can be obtained very quickly with 
a high yield for diagnoses of venous sinus thrombosis. CT 
venography has been shown in at least one series to be supe-
rior to MRV in visualizing dural sinuses or smaller cerebral 
veins with low fl ow and is at least equivalent in the diagnosis 
of dural sinus thrombosis [10]. CT venograms can be easier 
to interpret and have fewer artifacts than MR venography 
and may be especially helpful in the very acute or late stages 
of CVT, when MRI can be misleading [10]. Catheter angio-
graphy, which has been used extensively in the past to diag-
nose venous sinus thrombosis, has a limited role now with 
the advent of various non-invasive techniques. The most 
reliable sign of CVT is the partial or complete lack of opaci-
fi cation of veins or dural sinuses on angiography. Some indi-
rect angiographic signs include dilated collateral veins with 
a corkscrew appearance and delayed venous emptying.

CVT due to direct tumor invasion shows associated 
enhancing parenchymal, dural or calvarial metastases encas-
ing, compressing or infi ltrating the dural venous sinuses on 
CT or MRI (Figure 55.2). Differentiation of tumor thrombus 
from bland thrombus based on imaging fi ndings can be dif-
fi cult. Enhancement of thrombus fi lling an occluded venous 
sinus could be seen with tumor (Figure 55.3), but can also 
occur in subacute bland thrombus with neovascularization.

Direct Tumor-related Compromise of 
Arterial Vasculature

Direct tumor-related stroke, which is mostly due to 
encasement, compression, displacement or invasion of intra-
cranial vessels by tumors, is an uncommon but known event 
that can cause devastating long-term morbidity. Tumors 
which have been associated with direct arterial compro-
mise include craniopharyngiomas, suprasellar germinomas, 
hypothalamic tumors, pituitary adenomas with apoplexy, 
meningiomas and astrocytomas [11–13]. Meningiomas aris-
ing from skull base and cavernous sinus regions can encase 
and narrow vessels forming the circle of Willis and com-
promise the cerebral blood fl ow. MRI and MRA (magnetic 
resonance angiography) can demonstrate the narrowing or 
occlusion of the major intracranial vessels by meningiomas 
(Figure 55.4). Tumors such as high-grade gliomas abutting 
the major vessels can also lead to vasculopathy and ischemic 

A B

FIG. 55.1. (A) Contrast enhanced CT scan in a patient with 
small cell lung carcinoma showing ‘empty delta sign’ involv-
ing the left sigmoid sinus, fi lling defect seen due to thrombosis 
(arrow). (B) Axial T2-weighted MR image showing loss of fl ow 
void in the left sigmoid sinus suggestive of thrombosis (arrow). 
Normal fl ow void is seen in the right sigmoid sinus (arrowhead).



stroke, particularly after radiation therapy (Figure 55.5). Aoki 
et al described a case of a malignant glioma causing a cere-
bral infarction by dissection of the middle cerebral artery by 
invasion of the vessel wall [14] and Züchner et al reported a 
case of arterial narrowing in a patient with gliosarcoma [15]. 
Some tumors can also cause slow occlusion of the major 

intracranial vessels leading to a moyamoya like pattern with 
development of small immature collateral vessels [16].

Leptomeningeal Metastases
Tumor-related stroke can also occur due to the 

involvement of the vessels by leptomeningeal metastases. 
Leptomeningeal metastases or carcinomatous meningi-
tis result from diffuse infi ltration of the leptomeninges by 
malignant cells originating from an extra-meningeal primary 
tumor site. A rare cause of focal cerebral symptoms in carci-
nomatous meningitis is ischemic stroke [17]. Cerebral infarc-
tion in these patients has been attributed to a vasculopathy 
resulting from perivascular infi ltration and mural invasion 
of tumor cells and accompanying perivascular infl ammation 
[17]. Angiographic evidence of segmental narrowing and 

A B

C

FIG. 55.2. A 59-year-old female with metastatic breast carci-
noma. (A) T2-weighted images showing loss of normal fl ow void 
and hyperintense signal in the superior sagittal sinus (arrow). 
(B) Post-contrast T1-weighted axial image showing enhancing 
dural metastases encasing and occluding the superior sagittal sinus 
(arrowheads). (C) Phase-contrast MR venogram showing non-visu-
alization of the posterior part of the superior sagittal sinus (arrows).

A B

FIG. 55.3. Axial (A) pre- and (B) post-contrast T1-weighted 
MR images in a patient presenting with venous sinus thrombosis 
showing an enhancing fi lling defect within the distal part of right 
transverse sinus which revealed tumor thrombus from an undiffer-
entiated metastatic carcinoma on histopathology.

A B

FIG. 55.4. (A) Post-contrast T1-weighted axial MR image in 
a patient with a large suprasellar meningioma showing encase-
ment of bilateral internal carotid artery terminus, basilar tip and 
bilateral posterior cerebral arteries by the meningioma (arrows). 
(B) Post-operative CT scan showing bilateral posterior cerebral 
artery territory infarcts due to vascular compression and edema.

A B

FIG. 55.5. (A) Post-contrast T1-weighted axial images in 
a patient with recurrent anaplastic astrocytoma, showing an 
enhancing lesion in left temporal lobe, abutting the left middle 
cerebral artery three years after external beam and stereotactic 
radiosurgery (60 Gy). (B) CT angiogram showing focal narrow-
ing of the M1 segment of left MCA.
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wall irregularities in multiple proximal and distal vessels has 
been documented in the setting of leptomeningeal metas-
tases from carcinoma [17,18].

Tumor Emboli and Neoplastic Aneurysms
Infarction due to tumor emboli presenting with cere-

bral ischemia can be seen in patients with primary or meta-
static neoplasm due to embolization of tumor fragments via 
the arterial circulation that occurs mostly with lung cancer 
during surgical resection. Atrial myxomas can also present 
with systemic embolization in up to 45% of cases, cerebral 
circulation being involved in one-half of these instances 
[19,20]. The source of embolus could be the tumor itself or 
thrombus on the surface of the tumor [19,20]. The middle 
cerebral artery territory is most frequently affected, pre-
sumably because of its dominant fl ow (Figure 55.6) [21]. 
Hematogenous spread of the tumor cells with tumor emboli 
can progress to development of parenchymal brain metas-
tases (Figure 55.7), intracerebral hemorrhage and rarely 
can also lead to formation of neoplastic aneurysms [22]. 
Tumor cells usually lodge in smaller, distal, peripheral arter-
ies, attaching to the vessel wall, invading the internal elastic 
lamina, weakening the endothelium and causing pseudo-
aneurysm formation similar to mycotic aneurysms [23]. 
These aneurysms can be diagnosed with catheter angio-
graphy and usually appear as irregular, fusiform, distal vessel
aneurysms.

Tumor-related Hemorrhagic Stroke
Tumor-related hemorrhage is the most common cause 

of hemorrhage in patients with solid tumors and occurs 
more commonly in metastases than in primary brain neo-
plasms. The mechanism of hemorrhage is likely due to 
rapid tumor growth with tumor necrosis, rupture of newly 
formed blood vessels and invasion of adjacent cerebral 
blood vessels by tumors [24]. A variety of hypervascular 
metastatic brain tumors such as melanomas, thyroid car-
cinoma, renal cell carcinoma, hepatocellular and lung 
carcinomas can present with intratumoral hemorrhage 
[25–27]. Primary neoplasms like pituitary adenomas, glio-
mas, meningiomas, schwannomas, oligodendrogliomas 
and primitive neuroectodermal tumors have also been 
associated with intratumoral hemorrhage [27]. Hemorrhage 
usually produces acute symptoms that may be the present-
ing symptoms or be superimposed on the chronic course 
of the disease and the patient can present with headache, 
seizures, and sometimes with associated focal neurologic 
signs. Imaging evaluation of brain tumor with hemorrhage 
can occasionally present a diagnostic dilemma on the ini-
tial presentation, especially in primary brain tumors or sin-
gle metastasis. Factors such as atypical location, multiple 

FIG. 55.6. Non-contrast CT scan in a 34-year-old female with 
left atrial myxoma showing large acute infarct involving right 
middle cerebral artery territory along with multiple small infarcts 
in left basal ganglia.

A

C D

B

FIG. 55.7. Axial (A) T2, (B) pre- and (C) post-contrast T1- 
weighted MR images in a patient with atrial myxoma showing 
hemorrhagic lesion (arrows) with central enhancement (white 
arrow) in right occipital lobe. (D) Axial gradient echo image at 
supratentorial level showing multiple blooming artifacts due to 
multiple other small hemorrhagic metastases, mostly at cortico-
medullary junction suggesting hematogenous spread and shower 
of tumor emboli.



hemorrhagic sites, disproportionate vasogenic edema and 
early enhancement may suggest a neoplastic hemorrhage. 
Hemorrhagic tumors can also show heterogeneous signal 
characteristics due to blood products in different stages of 
evolution mixed with tumor (Figure 55.8). Delayed pattern 
of evolution of the hematoma can be seen in hemorrhagic 
neoplasms [28,29]. Methemoglobin formation is profoundly 
infl uenced by oxygen tension [30,31] and intratumoral 
hypoxia may signifi cantly prolong persistence of deoxy-
hemoglobin and also delay methemoglobin formation. 
Neoplastic hemorrhage can also be differentiated from non-
neoplastic hemorrhage by the absence of the well-defi ned, 
complete hemosiderin rim around the hemorrhage [29,32]. 
This is due to the persistent and marked disruption of the 
blood–brain barrier that occurs with intracranial tumors 
and allows more effi cient removal of the hemosiderin laden 
macrophages [29]. Hemorrhage may be purely intratumoral 
or may extend into the adjacent brain parenchyma depend-
ing upon the location of tumor and mechanism of hemor-
rhage. Similarly, hemorrhage can extend into the extra-axial 
spaces and tumors can be associated with subarachnoid, 
intraventricular, subdural or epidural hemorrhage (Figure 
55.9). Superfi cial tumors can rarely present with multiple 
episodes of subarachnoid hemorrhage and resultant super-
fi cial siderosis. Superfi cial siderosis is caused by deposition 
of blood products in the leptomeninges, subpial tissue of 
the brain and spinal cord and cranial nerves as a result of 
hemorrhage in the subarachnoid space [33]. Various intrac-
ranial tumors such as ependymomas, oligodendrogliomas, 
astrocytomas and vascular spinal tumours can be a source 
of repeated hemorrhages causing superfi cial siderosis 
(Figure 55.10).

INFECTION-RELATED CEREBROVASCULAR 
COMPLICATIONS

Infection in cancer patients occurs due to immuno-
suppression usually related to antineoplastic therapy or 
induced by tumor. In the severely immunocompromised 
host, angioinvasive pathogens like aspergillus gain access 
to the systemic circulation and disseminate to end organs, 
such as the brain, causing infarction or hemorrhage as the 

A B

FIG. 55.8. (A) Axial pre-contrast T1-weighted MR images 
showing multiple lesions showing hyperintense signal sugges-
tive of subacute methemoglobin in a patient with metastatic 
amelanotic melanoma. (B) Axial T2-weighted image showing 
heterogeneous hyperintense lesions with incomplete peripheral 
hemosiderin rim and surrounding edema.

A B

FIG. 55.9. Axial (A) non-contrast CT and (B) T2-weighted MR 
images showing intra-tumoral and subarachnoid hemorrhage in 
a patient with a meningioma.

FIG. 55.10. Axial T2-weighted image in a patient with oli-
godendroglioma showing a large heterogeneous intensity hemor-
rhagic tumor with hypointense signal along the pial surface of 
the brain parenchyma suggesting superfi cial siderosis (arrows).
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early radiologic presentation [34]. Aspergillus may cause 
an infectious vasculopathy, initially leading to acute infarc-
tion and hemorrhage, progressing to infectious cerebritis 
and fi nally evolving into an abscess. Most of the pyogenic 
abscesses and metastases to brain are known to have a pre-
dilection for the corticomedullary junction due to the hema-
togenous spread and due to the vascular anatomy of this 
interface. However, aspergillus lesions are more commonly 
seen in the basal ganglia and thalami due to involvement 
of perforating artery territories. MRI can show multiple dis-
seminated small septic infarcts, which will involve basal 
ganglia, thalami and corpus callosum, in addition to corti-
cal and corticomedullary junction infarcts [34–37]. As these 
lesions are infarcts, diffusion-weighted images may also be 
useful for detecting early lesions and can be benefi cial in 
differentiating these from progressive multifocal leukoen-
cephalopathy and tumoral lesions [36]. Associated cortical/
gyral enhancement may suggest cerebritis. Further progres-
sion to multiple ring-enhancing abscesses, usually meas-
uring less than 3 mm, can be seen commonly in the basal 
ganglia and at the corticomedullary junction, which may 
also show restricted diffusion in the necrotic component 

on DWI (Figure 55.11). Another fungal organism that can 
present with encephalopathy and progressive cerebral signs 
is Candida species. Candida brain abscesses are often asso-
ciated with candidemia and endocarditis [38].

Mycotic aneurysms are a rare complication of bacterial 
or fungal infections in immunosuppressed cancer patients. 
Most cerebral mycotic aneurysms developing in the course 
of bacterial endocarditis are multiple and are located along 
the distal branches, particularly of the middle cerebral 
artery and rarely in the posterior circulation [39,40]. These 
can rupture causing parenchymal or subarchnoid hemor-
rhage, but can also be found associated with cerebritis and 
abscesses. Aspergillus is the most common causative agent 
of fungal aneurysms because of being highly angioinvasive 
[41]. Pathologically, there is septic embolization of the vasa 
vasorum or lumen of the artery with resultant focal arteritis, 
necrosis and aneurysm formation [42]. CT scan and mag-
netic resonance imaging are helpful in the diagnosis, how-
ever, catheter angiography remains the gold standard. MRI 
may show a round, mostly peripherally situated lesion with 
surrounding edema and peripheral hemosiderin rim (Figure 
55.12). Rapidly fl owing blood through the patent portion of 

A B C

FIG. 55.11. Post-contrast T1-weighted (A) axial and (B) coronal images in a patient with mycosis fungoides and CNS aspergillosis 
showing multiple, small, ring enhancing abscesses (arrows) predominantly involving the corticomedullary junction and the basal gan-
glia. Multiple areas of gyral enhancement are also noted suggesting cerebritis (arrowheads). (C) DWI shows corresponding areas of 
restricted diffusion (low apparent diffusion coeffi cient – not shown here) suggesting hematogenous spread and septic infarcts.

A B C FIG. 55.12. Axial (A) T2 and 
(B) post-contrast T1-weighted MR 
images in a patient with a distal 
mycotic aneurysm showing a small 
round peripheral lesion with periph-
eral hypointense rim and surrounding 
edema, showing central enhance-
ment (arrow). (C) Oblique projection 
of a left internal carotid angiogram 
showing a distal left MCA aneurysm 
fi lling with contrast (arrow) (courtesy 
Dr Dheeraj Gandhi).



the aneurysmal lumen appears as an area of signal void on 
MR images [43]. However, slow fl owing blood within the pat-
ent portion of the aneurysmal lumen may demonstrate vari-
able signal intensity on MR images. In partially thrombosed 
aneurysms, high signal intensity due to methemoglobin can 
be seen immediately adjacent to the region of signal void. 
Many unruptured mycotic aneurysms will resolve on antibi-
otic therapy alone [44,45]. These patients can be followed up 
non-invasively with MRA or CTA to demonstrate resolution 
or progression of the size of the aneurysm. Surgical exci-
sion of peripheral aneurysms is made easier after antibiotic 
therapy, because the aneurysm wall is much thicker from 
fi brosis and less likely to rupture on handling [46]. The trend 
towards endovascular treatment of mycotic aneurysms has 
been applied to only a small number of aneurysms [47,48].

THERAPY-RELATED CEREBROVASCULAR 
COMPLICATIONS

Radiation-induced Cerebrovascular 
Complications

The assumed pathogenesis of radiation-induced vas-
cular disease is an acceleration of the atherosclerotic proc-
ess probably due to endothelial cell damage, fi brosis of 
the intima-media layer and development of atheromatous 
plaques, which is increased by occlusive changes in the vasa 
vasorum leading to ischemia of the arterial wall [49,50]. 
Radiation therapy administered for head and neck cancers 
or lymphoma is best known to cause carotid artery stenosis. 
Carotid duplex ultrasound detected 70% stenosis of inter-
nal carotid artery in 11.7% patients irradiated for head and 
neck cancers in one series [51]. Radiation-induced carotid 
artery lesions seem to have a disproportionate usually long 
segment involvement within the irradiated fi eld, and not 
confi ned to the bifurcation [52] and thus can be differenti-
ated from the atherosclerotic stenosis. In addition, they are 
often associated with occlusion of other cervical arteries 
within the radiation portal [53]. Carotid blow-out syndrome 
is a rare complication of radiation therapy in the neck. 
Risk factors include radical tumor resection, fl ap necrosis, 
wound infection and recurrent or persistent tumor in addi-
tion to radiation therapy. Chaloupka et al have described 
three stages of carotid blow-out syndrome which are man-
aged differently [54]. Threatened carotid blow-out is when 
the vessel is exposed but there is no hemorrhage; impend-
ing blow-out is when there is pseudoaneurysm formation 
which may be associated with intermittent hemorrhage. 
The third stage is carotid blow-out with exsanguinating 
hemorrhage (Figure 55.13). Emergency surgical ligation of 
the common carotid artery (CCA) or the proximal internal 
carotid artery (ICA) without provocative testing has been 
traditionally the only therapeutic maneuver available for 
carotid blow-out despite the well-documented risk of cer-
ebral ischemia [55,56]. These poor outcomes have substan-
tially improved with the advent of various endovascular 

techniques, including permanent balloon occlusion of the 
affected ICA or CCA [57,58]. Endovascular covered stent 
deployment can be used as a treatment option in carotid 
blow-out patients thought to be at high risk for surgery or 
carotid occlusion [59].

Radiation-induced vasculopathy of intracranial vessels 
is much less common and its incidence has a considerable 
correlation with radiation dose and the age at the time of 
radiation therapy. This occurs mostly in a delayed fashion 
following treatment to the tumors around the circle of Willis 
[60] and can be accelerated in neurocutaneous syndromes. 
Catheter angiography usually shows irregularity, narrow-
ing, focal dilatation or even occlusion of the affected vessels 
(Figure 55.14). Cerebral infarcts can be seen in the distribu-
tion of the vessels affected. When large or medium sized 
vessels are affected, moyamoya-like pattern due to collat-
eral formation can be seen on angiography. Mineralizing 
microangiopathy is another pathological entity, usually 
attributed to the combined toxicity of cranial irradiation 
and intrathecal methotrexate. It is characterized by pres-
ence of mineralized deposits in the small vessels. Radiation 
therapy produces hyalinization and fi brinoid necrosis of 

FIG. 55.13. Lateral projection of a left common carotid artery 
digital subtraction angiogram in a patient with previously irra-
diated undifferentiated carcinoma of the neck showing marked 
irregularity of the distal common carotid artery, external carotid 
and internal carotid artery with contrast extravasation (arrow-
heads) suggestive of carotid blow-out. Poor contrast opacifi cation 
of the internal carotid artery suggestive of occlusion (arrow).
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small arteries and arterioles with endothelial proliferation 
and calcium deposition [61,62]. Dystrophic calcifi cations 
in the basal ganglia, subcortical white matter and vascular 
border zones of the cerebral cortex can be seen in children 
previously treated with radiation therapy and intrathecal 
methotrexate [63,64].

Radiation-induced vascular malformations can present 
with intracranial hemorrhage or can be asymptomatic and 
found on follow-up imaging [65]. Capillary telangiectasias 
usually occur 3–9 months after radiation, whereas cavern-
ous malformations can have a latency period ranging from 
1 to 26 years [66–68]. Appearance of a new hemorrhagic 
lesion in a patient previously treated with radiation, espe-
cially if treated in childhood, should always raise the possi-
bility of a cavernoma in addition to neoplastic recurrence or 
metastases [65]. Diagnosis of a radiation-induced cavern-
oma is usually possible due to typical popcorn-like appear-
ance of a cavernoma nidus with little or no surrounding 
edema on MRI (Figure 55.15). However, MRI characteristics 
can be blurred by the presence of acute hemorrhage and 
follow-up imaging can be useful in such a scenario.

Chemotherapy-related Cerebrovascular 
Complications

Chemotherapy remains an integral treatment for a wide 
variety of malignancies. Risk of CNS thromboembolic events 
increases in patients receiving adjuvant chemotherapy for 
breast cancer [69] and after chemotherapy in patients with 
a variety of hematological and solid malignancies [70–72]. 
A well-recognized cause of ischemic stroke is cisplatin-based 
chemotherapy [70–72]. The underlying pathophysiology 

of these events remains obscure; however, both acute and 
long-term vascular toxicity may be associated with cisplatin 
administration [73]. The imaging fi ndings in chemotherapy-
associated ischemic stroke are similar to the appearance 
of ischemic stroke elsewhere. Another commonly used 
chemotherapeutic drug is methotrexate (MTX) which is 
thought to induce small-vessel vasculopathy [74]. Areas of 
hyperintensity on T2-weighted imaging are usually seen 
located in the periventricular white matter, particularly in 
the centrum semiovale [75,76] and can be seen in 15–75% 
of patients during MTX chemotherapy [77]. Despite white 
matter changes on MR imaging, patients often recover 
spontaneously from MTX-induced neurotoxicity [63]. DWI 
has shown low ADC suggesting cytotoxic edema corre-
sponding to T2-weighted lesions; however DWI fi ndings are 
reversible suggesting a transient metabolic derangement 
over an angiopathic or demyelinating process [78].

Another commonly used chemotherapeutic agent 
associated with various neurovascular complications is 
L-asparaginase. A study of 238 patients treated with L-
asparaginase showed cerebral hemorrhages in 2.1%, cer-
ebral thrombosis and thromboemboli in 4.2% of patients 
[79]. L-asparaginase associated sinus thrombosis occurs 
usually during the remission/induction period, but has also 
been observed during the later course of polychemother-
apy [80]. Patients usually present with severe headaches 
and MR or CT venography can be used for the radiological 
confi rmation of the sinus thrombosis.

Posterior reversible encephalopathy syndrome (PRES) 
consists usually of a reversible encephalopathy, with pre-
dominant involvement of the posterior white matter. 

FIG. 55.14. Lateral oblique projection of internal carotid ang-
iogram in a patient who underwent radiation therapy 5 years 
ago showing irregularity and focal dilatation of one of the distal 
MCA branches due to radiation-induced vasculopathy.

A B

FIG. 55.15. (A) Axial T2- and (B) T1-weighted MR images 
obtained 3 years after involved fi eld radiation therapy at age 
3 years for a posterior fossa ependymoma showing a large hem-
orrhagic, mixed signal intensity lobulated lesion (white arrow) in 
left cerebellar hemisphere and vermis. Two more small caverno-
mas (black arrowheads) seen in the right cerebellum. Post-opera-
tive changes (black arrow) are noted in the right cerebellum. (From 
Jain et al, Am J Neuroradiol 2005; 26, page 1161 fi g. 2 a,b.)



It occurs usually in association with acute hypertensive crisis 
and eclampsia, but has also been seen following treatment 
with immunosuppressive or chemotherapy agents [81,82]. 
Intracranial vasospasm has been seen with conventional 
or MR angiography [83,84] suggesting vasospasm as a pos-
sible underlying pathophysiologic mechanism. Hinchey et 
al initially proposed that the syndrome resulted from sud-
den elevations in systemic blood pressure exceeding the 
autoregulatory capability of the brain vasculature [82]. This 
causes acute disruption of the blood–brain barrier leading to 
capillary leakage and subsequent vasogenic edema [82]. The 
selective involvement of structures perfused by the posterior 
circulation and the rapid reversibility of symptoms indicates 
loss of autoregulation of the vertebrobasilar system, likely 
due to its relatively sparse sympathetic innervation [81]. 
Prompt initiation of antihypertensive treatment or discontin-
uation of immunosuppressive drugs, if being used, can lead 
to complete clinical recovery with reversal of MRI lesions 
in some cases. However, if untreated, permanent neurologic 
defi cit, or even death, may occur as a result of the ensu-
ing cerebral infarctions or hemorrhages [85]. MR fi ndings 
are typically those of vasogenic edema with T2 and fl uid-
attenuated inversion recovery (FLAIR) hyperintensities pre-
dominantly involving the posterior parieto-occipital regions 
of the brain bilaterally. FLAIR images can show the lesions 
of PRES better due to suppression of the adjacent CSF signal 
[86]. This has allowed for milder cases of PRES to be identifi ed, 
enabling early initiation of therapy. These lesions usually show 
higher apparent diffusion coeffi cient on DWI and ADC maps 
which is suggestive of vasogenic edema [81,87] unlike cyto-
toxic edema in ischemic strokes which will have lower ADC.

Endovascular Therapy-related Cerebrovascular 
Complications

Preoperative embolization of brain tumors, such as 
meningiomas, is used to induce hemostasis and necrosis 
of the tumor for easier surgical manipulation and surgi-
cal removal of the tumor with less intraoperative blood loss 
[49,81]. Particulate embolic agents, such as polyvinyl alco-
hol (PVA) particles [89,90], are generally favored because 
of the relative ease of use and because the permanence 
of other agents such as glue or ethanol is not necessary in 
the operative setting. Extensive tumor infarction has been 
observed histologically after embolization [89,90] which can 
also induce spontanous intratumoral or subarachnoid hem-
orrhage due to rupture of fragile tumor vessels in a large, 
necrotic meningioma [91]. Apart from hemorrhage, other 
neurologic complications related to inadvertent emboliza-
tion of particulate embolic agent to the vessels supplying 
the normal brain are major concerns which can be pre-
vented by avoiding overly aggressive embolization, because 
it can cause refl ux of embolic material into normal proxi-
mal branches. Ischemic stroke or blindness can also occur 
because of very small extracranial–intracranial arterial anas-
tomoses which open up due to altered fl ow hemodynamics 

during embolization (Figure 55.16). These complications 
can be prevented by superselective angiography performed 
using microcatheters to confi rm the proper position of the 
microcatheter and to identify any normal branches that 
might preclude safe embolization [92].

MISCELLANEOUS TUMOR-RELATED 
CEREBROVASCULAR CONDITIONS

Primary Angiitis of Central Nervous
System (PACNS)

Primary angiitis of the central nervous system (PACNS), 
also known as isolated CNS angiitis or granulomatous 
angiitis of the CNS, is a non-infectious granulomatous 
angiitis that has been associated with both Hodgkin’s and 
non-Hodgkin’s lymphoma, as well as with other hematologic 
malignancies. It typically involves small- and medium-sized 
arteries of the brain and spinal cord and, to a lesser degree, 
may also involve small veins and venules [93–95]. Associated 
infarction, hemorrhage as well as demyelination and axonal 
degeneration can be seen in the adjacent brain parenchyma. 
The pathogenesis of this condition is unclear, however a 
hypersensitivity reaction, as well as autoimmune response 
has been suggested [96,97]. Symptomatology is variable and 
usually includes headache, focal or global neurological dys-
function, confusion, intellectual deterioration, memory loss 
and malaise. T2-weighted MR images show hyperintense foci 
representing ischemia, infarction or infl ammatory changes 
involving both the cortex and white matter [93,98,99]. 
Post-contrast images show enhancing linear lesions pre-
dominantly involving brainstem and white matter which 
represent infl ammation of the perforating arteries and 

A B

FIG. 55.16. A 49-year-old patient with left frontal meningi-
oma, who underwent preoperative endovascular embolization of 
the middle meningeal artery branches with PVA particles, com-
plained of complete vision loss in the left eye following emboliza-
tion. (A) Pre- and (B) post-embolization lateral projection internal 
carotid arteriograms showing disappearance of choroidal blush 
due to occlusion of the retinal artery because of inadvertent 
embolization of PVA particles through arterial anastomoses.
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perivascular tissues [93,100] (Figure 55.17). Other less com-
mon presentations include hemorrhage [98,99,101] or focal 
lesion that may simulate a neoplasm [98,100,102]. Patients 
with Hodgkin’s disease who initially present with neuro-
logical symptoms due to PACNS had a better outcome in 
a recent review of literature than those who present ini-
tially with Hodgkin’s disease and later go on to develop 
PACNS [13].

Intravascular Lymphomatosis
Intravascular lymphomatosis (IVL) is a rare intravascu-

lar subtype of extranodal large cell lymphoma causing multi-
focal vascular occlusion and resulting in diffuse thrombosis, 
a high incidence of neurological and cutaneous involvement; 

usually showing poor response to therapy and an extremely 
aggressive clinical course [103–105]. The affected blood ves-
sels show reactive endothelial cells adjacent to lymphoma 
cells, and complete occlusion of vessel lumen can be seen 
[106]. Isolated CNS involvement with IVL may pose a diag-
nostic challenge as it may be diffi cult to distinguish these 
from other vasculitides such as primary angiitis of the CNS. 
MRI usually shows multifocal hyperintense lesions in the 
deep white matter on T2-weighted images which correlate 
with edema and gliosis seen on biopsy [107–110]. Small ves-
sels (arterioles, capillaries, postcapillary venules) are more 
commonly involved than large vessels. Due to the ischemic 
nature of the lesions in IVL, the imaging fi ndings are more 
pronounced on DWI in the acute phase.

SUMMARY
Cerebrovascular complications associated with CNS 

malignancies occur due to various tumor, host and treat-
ment factors and can signifi cantly increase morbidity and 
mortality. Any patient with a known cancer presenting with 
new neurological defi cit should be evaluated to rule out 
cerebrovascular compromise, in addition to tumor progres-
sion, recurrence or metastases. In addition, a thromboem-
bolic or hemorrhagic stroke as the initial presentation can 
also lead to diagnosis of an occult malignancy in paraneo-
plastic syndromes. Neuroimaging studies, particularly eval-
uating the cerebral vasculature, can help defi ne the cause 
of stroke and thus help manage these patients. Recent 
advances in various functional techniques have expanded 
the diagnostic capabilities of MRI and CT beyond the mor-
phologic evaluation and can be useful in early detection of 
cerebrovascular disease processes.

A B

FIG. 55.17. (A) Axial post-contrast T1-weighted images 
in a patient with Hodgkin’s lymphoma and associated PACNS 
showing extensive linear enhancement through the white matter 
suggestive of vasculitis. (B) Axial FLAIR image showing a few 
corresponding white matter lesions.
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INTRODUCTION
Imaging studies are an important part of the evalu-

ation of paraneoplastic neurological syndromes. Many 
CNS paraneoplastic disorders are associated with normal 
magnetic resonance imaging (MRI). In these cases, imag-
ing of the neuraxis is still necessary to evaluate for alterna-
tive (and more common) neurological diagnosis such as 
infl ammatory demyelinating disease, mass lesions, vascu-
lar abnormalities and so forth. Characteristic MRI abnor-
malities are found in several paraneoplastic disorders of 
the central nervous system. In general, these consist of 
abnormalities seen on fl uid attenuated inversion recov-
ery (FLAIR) and T2 sequences with little or no contrast 
enhancement. The lack of contrast enhancement helps 
to distinguish paraneoplastic disorders from malignant 
disease. Similarly, diffusion-weighted imaging and angio-
graphy may be used to help distinguish ischemic vascular 
disease. In general, paraneoplastic disorders restricted to 
the peripheral nervous system are not associated with radio-
logical abnormalities.

When evaluating possible paraneoplastic neurologi-
cal syndromes, diagnostic imaging is also critical for detec-
tion of systemic malignancies. Most patients present with 
neurological symptoms prior to a diagnosis of cancer. 
In patients with known cancer, the onset of neurological 
symptoms may herald the recurrence of tumor. Tumors in 
these patients tend to be small and localized. Serological 
studies and assessment of cancer risk factors can help 
identify possible sites of malignancy. In most cases, imag-
ing studies are necessary to identify sites of malignancy for 
diagnostic biopsy. Utilization of multiple imaging modalities 
can improve the early detection of small malignancies [1].

PARANEOPLASTIC CEREBELLAR 
DEGENERATION (PCD)

Despite the dramatic and disabling symptoms of this 
disorder, imaging of the cerebellum is usually unremarkable 

early in the disease course (Figure 56.1A). The cerebellum 
and associated brainstem nuclei appear normal on cranial 
MRI [2]. Abnormal MRI signal or contrast enhancement 
in the cerebellum is distinctly unusual, but may be seen 
in rare cases with rapid progression [3]. In a few isolated 
case reports of fulminant cerebellar degeneration, FLAIR 
abnormalities in the cerebellar parenchyma may represent 
vasogenic edema. Signal abnormalities in the brainstem or 
mesial temporal lobes may be seen when PCD coexists with 
other paraneoplastic disorders (such as brainstem or limbic 
encephalitis). Even when conventional imaging is normal, 
PET imaging may show hypermetabolism in the cerebellar 
cortex.

Much later (months after the development of symp-
toms), cranial MRI and computed tomography (CT) will 
begin to show diffuse cerebellar atrophy corresponding to 
permanent neuronal loss. The cerebellum becomes dif-
fusely atrophic, although the loss of tissue is most notable in 
the midline structures (see Figure 56.1).

PARANEOPLASTIC LIMBIC ENCEPHALITIS
Cranial MRI is abnormal in most cases of paraneo-

plastic encephalitis (PLE). The usual pattern is bilateral, 
but asymmetric, T2/FLAIR increased signal in the mesial 
temporal lobes (involving the amygdala and hippocam-
pal formation)(Figure 56.2). Unilateral involvement can be 
seen as well. Besides the mesial temporal areas, other lim-
bic structures may also become involved, especially the 
insular cortex (Figure 56.3). Several reports have shown 
that the same anatomical areas appear hypermetabolic 
on cranial PET imaging (Figure 56.3) [4,5]. Because of the 
location of these changes and the normal mildly increased 
signal in these areas, the abnormalities may be missed on 
standard axial MRI series. Coronal T2/FLAIR sequences 
with thin sections through the mesial temporal lobes opti-
mize the detection of these abnormalities (Figure 56.2). 
Gadolinium enhancement is minimal, if present at all. 
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FIG. 56.1. Paraneoplastic cerebellar degeneration. (A) Off midline sagittal T1 spin-echo image demonstrates the relative lack of 
atrophy often seen early in the course of PCD. Despite severe neurological disability, initial brain imaging studies are usually normal. 
(B) Sagittal T1 spin-echo MRI shows prominent cerebellar atrophy. This is the most common fi nding in more advanced cases. (C) Axial 
T2-weighted image through the cerebellum demonstrates atrophy without signal abnormality.
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FIG. 56.2. Paraneoplastic limbic encephalitis. (A) Coronal FLAIR image through the mesial temporal lobes shows increased signal 
involving the hippocampus (arrow) and amygdala. These signal abnormalities are often present bilaterally but may be asymmetric. 
Early in the disease course, there is minimal cortical or mesial temporal atrophy. These changes can be similar to those seen in herpes 
encephalitis. (B) Nearly identical fi ndings can be seen in non-paraneoplastic autoimmune limbic encephalitis. Coronal FLAIR image 
from a patient with limbic encephalitis and voltage-gated potassium channel antibodies. (C) The mesial temporal abnormalities in PLE 
generally show no enhancement on gadolinium-enhanced images. (D,E,F) MRI images from a patient with PLE show that the imag-
ing abnormalities are best appreciated on coronal FLAIR images (D, arrow). They can also be seen on axial FLAIR images (E, arrow), 
although the mesial temporal area is also prone to artifact on the axial FLAIR sequence. PLE abnormalities are usually not conspicuous 
on the axial T2 scan (F).
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The imaging appearance and typical regions of involvement 
of paraneoplastic limbic encephalitis has signifi cant overlap 
with other often more aggressive pathologies. Differentiation 
from herpes encephalitis is an important primary consid-
eration. Herpes encephalitis tends to have a greater degree 
of enhancement and greater local mass effect, although the 
signal changes and areas of involvement have signifi cant 
overlap (Figure 56.4). Mesial temporal sclerosis, gliomato-
sis cerebri and non-paraneoplastic limbic encephalitis can 
have identical imaging abnormalities to paraneoplastic 
limbic encephalitis [6].

In a study of PLE at the Mayo Clinic, cranial MRI was 
abnormal in 89% of the cases. FLAIR sequences were not 
performed in the two patients with normal scans [7]. Nearly 
all cases showed increased T2 and FLAIR signal in the 
mesial temporal lobe. Bilateral temporal lobe abnormali-
ties were present in 69%, while abnormal contrast enhance-
ment was seen in only 21%. In those cases, the enhancing 
tissue comprised only a small volume of the total signal 
abnormality. Extratemporal cortical signal abnormalities 
were observed in 37%. These changes ranged from diffuse 
hemispheric cortical and subcortical signal abnormali-
ties involving both cerebral hemispheres to involvement 
of extratemporal changes in the cortical and subcortical 
insular region.

Over time, there is typically a partial resolution of the 
mesial temporal lobe T2 hyperintensity associated with the 
development of focal temporal and generalized cerebral 
cortical atrophy. In untreated cases, mesial temporal atro-
phy can be profound (Figure 56.5).

PARANEOPLASTIC BRAINSTEM 
ENCEPHALITIS

Various patterns of imaging abnormalities have been 
reported with paraneoplastic brainstem encephalitis. Often 
the MRI is normal, however, varying patterns of abnor-
mal T2/FLAIR signal in the brainstem have been reported 
(Figure 56.6) [8–10]. Enhancement in this cohort of patients 
is uncommon. Imaging in patients with isolated opso-
clonus/myoclonus, however, is generally normal.

PARANEOPLASTIC CHOREA
Identifi able MRI abnormalities have been reported 

in paraneoplastic chorea and include non-enhancing 
increased T2/FLAIR signal in the striatum (Figure 56.7) 
[11]. Occasionally, these may be seen in conjunction with 
typical changes of paraneoplastic limbic encephalitis. The 
increased T2 and FLAIR signal in the caudate and puta-
men may resolve in concert with clinical improvement. 
The MRI abnormalities in paraneoplastic chorea, non-
enhancing signal changes in the striatum, are reminiscent 
of those seen in sporadic Creutzfeld-Jacob disease (CJD) 
and acute disseminated encephalomyelitis (ADEM), and 
there may be some overlap in the clinical presentation of 
these disorders. However, diffusion imaging in paraneo-
plastic chorea is normal, which differentiates it from CJD 
radiographically (Figure 56.7).

PARANEOPLASTIC MYELOPATHY
Several cases of cancer associated myelopathy have 

been reported [8]. Abnormal increased T2/FLAIR signal and 
enhancement of long tracts in the cord as well as gray mat-
ter has been reported.
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FIG. 56.3. Paraneoplastic limbic encephalitis. (A) 3T coronal 
FLAIR image through the mesial temporal lobes shows increased 
signal in the left mesial temporal lobe and in the left frontal oper-
culum (arrow). (B) Adjacent coronal FLAIR image anterior to 
(A) showing the extension of the abnormal signal to involve the 
anterior left frontal operculum and anterior insular cortex (arrow). 
(C,D) Coronal FLAIR images demonstrating improvement in the 
opercular and insular signal (arrows) after immunosuppression 
treatment. Signal abnormality in the left amygdala persists. (E,F) 
PET imaging with 18-FDG demonstrates hypermetabolism in the 
areas of abnormal T2 signal seen in panels (A) and (B). The PET 
abnormalities are presumed to represent active infl ammation.
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FIG. 56.4. Limbic encephalitis. (A) Axial FLAIR image showing extensive signal abnormality which is highly restricted to the mesial 
temporal lobe in a patient with PLE associated with Hodgkin’s lymphoma. Gadolinium-enhanced T1 images were unremarkable in this 
case. (B) Coronal FLAIR image in a case of herpes simplex encephalitis shows signal abnormalities extending throughout the left tempo-
ral lobe, insular cortex and bilateral medial thalamus. The fi ndings in herpes encephalitis involve the limbic areas of the brain but are 
typically more extensive. (C) Gadolinium-enhanced T1 coronal image shows areas of contrast enhancement in the thalamus (arrowhead). 
The left temporal lobe shows low signal and increased volume consistent with vasogenic edema. This degree of contrast enhancement 
and swelling would be very unusual for PLE.

FIG. 56.5. Paraneoplastic limbic encephalitis. Later in the course of PLE, prominent mesial temporal atrophy typically develops. 
(A) Coronal FLAIR image demonstrates moderate bilateral temporal atrophy and abnormal increased right mesial temporal lobe 
signal. (B) Coronal FLAIR image more posteriorly demonstrates abnormal increased signal in the posterior right cingulate gyrus (arrow). 
(C) Coronal FLAIR MRI from a patient with untreated PLE (2 years after onset of symptoms) shows severe asymmetric temporal atrophy 
with relative preservation of frontoparietal cortex. An area of signal abnormality persists in inferior temporal cortex. (D) T1-weighted 
coronal image after gadolinium shows no enhancement of these abnormalities.
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IMAGING OF OCCULT MALIGNANCY 
IN PATIENTS WITH PARANEOPLASTIC 
DISORDERS

One of the greatest challenges in evaluating patients 
with suspected paraneoplastic disorders (PND) is cancer 
diagnosis. The majority of new diagnoses of PND occur in 
patients without a history of cancer. In most circumstances, 
conventional body imaging studies (computed tomography,

ultrasonography, etc.) will reveal the malignancy and iden-
tify a site for diagnostic biopsy. However, tumors in patients 
with PND may be missed on initial imaging studies since 
they are often small and have limited metastases. Yet, 
patients with well recognized paraneoplastic syndromes 
and onconeural antibodies are very likely (85–90% in most 
series) to harbor a malignancy, and early tumor diagnosis 
and treatment is important to improve outcome. Several 
recent studies have shown that 18F-fl uoro-deoxyglucose 
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whole body positron emission tomography (PET) can 
improve tumor detection when conventional imaging stud-
ies are normal (Figure 56.8) [12]. When limited to patients 
with PND associated with well-defi ned antibodies, the sen-
sitivity of PET was reported to be 80–90% [13,14]. It appears 
that PET has a defi nite role in evaluating patients with defi -
nite PND when conventional oncological screening studies 
are negative.

SUMMARY
Neuroimaging has a defi nite role in the diagnostic 

evaluation of paraneoplastic disorders of the central nerv-
ous system. Characteristic imaging fi ndings are seen in 
PLE and paraneoplastic chorea. In other disorders, imag-
ing is important to exclude other diagnoses. In patients 
with suspected paraneoplastic disorders (based on serology 
and clinical presentation), imaging of the body including 
FDG-PET imaging is important for early detection of small 
malignancies.
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FIG. 56.7. Paraneoplastic chorea. (A) Axial spin-echo T2 image shows increased signal in the caudate and anterior putamen consist-
ent with ‘striatal encephalitis’. Similar fi ndings are present on FLAIR images. (B) Axial post-gadolinium T1 image at the same level shows 
no enhancement. (C) Diffusion-weighted images show normal signal in the basal ganglia. The lack of restricted diffusion is characteristic 
of paraneoplastic chorea and effectively eliminates Creutzfeld-Jacob disease (CJD) and ischemia as alternative diagnoses. (D) In CJD, 
axial FLAIR image demonstrates similar abnormal T2 signal in the basal ganglia. (E) However, on diffusion-weighted imaging, these 
abnormalities are associated with restricted diffusion. (F) In a different patient with CJD, a diffusion-weight image shows abnormality in 
both the right caudate and along the cortical ribbon of the left insula. Paraneoplastic disorders may show abnormalities of the striatum 
(chorea) or insular cortex (PLE) but diffusion abnormalities are not seen.
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FIG. 56.6. Paraneoplastic brainstem encephalitis. (A) Thin sec-
tion axial fast spin-echo T2 sequence through the midbrain shows 
abnormal increased T2 signal in the tegmentum and tectum 
(arrow). Many cases of brainstem encephalitis have no obvious 
imaging abnormalities. (B) Axial post-gadolinium T1 image at the 
same level demonstrates no corresponding enhancement. The lack 
of enhancement helps differentiate this entity from other infectious 
and infl ammatory disorders.
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FIG. 56.8. PET imaging for cancer diagnosis. 
(A) Coronal whole body 18-FDG PET image shows 
abnormal hypermetabolism in right paratracheal 
and right hilar regions suggesting a lung primary. 
This patient had PLE and antibodies against both 
Hu and CRMP-5. (B) Non-contrast axial CT scan 
of the chest in this patient was interpreted as show-
ing no abnormalities. (C) Coregistration of the PET 
images with the CT allows identifi cation of hyper-
metabolic mediastinal lymph nodes. Biopsy of the 
most prominent lesion (arrow) confi rmed a diagno-
sis of small cell lung carcinoma.
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computerized tomography, 326
diffusion-weighted imaging, 242
epidemiology, 9
magnetic resonance imaging, 326, 420
pathology, 10
radiation therapy, 15, 44
radiosurgery, 205

magnetic resonance spectroscopy, 309
micro-positron emission tomography, 

310–311
micro-single photon emission 

computerized tomography, 312
Anthracyclines, complications, 111
Antiangiogenesis therapy response 

evaluation, 272
Antibodies, single photon emission 

computerized tomography, 279
Antimetabolites, complications, 108, 110
Apparent diffusion coeffi cient, 136, 216

animal brain tumors, 307–308
astrocytoma, 470

cerebellar, 473–474
brain abscess, 220, 517

malignancy differentiation, 332
brain infracts, 78, 499
cerebral venous thrombosis, 588
dysembryoplastic neuroepithelial tumor, 

440
epidermoid tumor, 218
epidural spinal cord compression, 545, 547
glioblastoma multiforme, 329–330, 332

lymphoma differentiation, 334
metastases differentiation, 335

hemangioblastoma, cerebellar, 222
meningioma, 218, 222
metastatic brain tumors, 225, 334
oligodendroglioma, 357, 358
posterior reversible encephalopathy 

syndrome, 595
post-treatment evaluation, 231
radiation necrosis, 518
radiosurgery planning, 208
tumor grading, 221

gliomas, 342
tumor infi ltration evaluation, 225

Apparent diffusion coeffi cient minimum 
(ADCmin), tumor cellularity, 136

Apparent diffusion contrast, 162
Arachnoid cyst, 495–496

sellar/suprasellar region, 387, 476
Arterial compromise, tumor-related, 588–589
Arterial input function, 267, 268, 269
Arterial spin labeling, 264, 273, 469

animal brain tumors, 306
Arteriovenous malformation see Vascular 

malformation

Index

spinal cord, 41
treatment, 44, 45

surgical treatment, 15
thalamus, 420–421
treatment response evaluation, 507

Anaplastic ependymoma
radiation therapy, 15
spinal cord, 40

Anaplastic meningioma, 393
Anaplastic oligodendroglioma, 12, 506

treatment response evaluation, 507
Aneurysm

brain tumor differentiation, 516
mycotic, 592–593
neoplastic, 590

Anger camera, 289
Angiitis, primary/isolated of central nervous 

system, 595–596
Angiofi broma, 480
Angiogenesis, 21, 26

dynamic contrast imaging, 175, 264
glioblastoma multiforme, 329
glioma grading, 342
quantifi cation methods, 299
shift to metastatic phenotype, 21
spinal cord metastases, 51
ultra-high fi eld magnetic resonance 

imaging, 297, 299
Angiography

central neurocytoma, 436
cerebral infarcts, 78
cerebral venous thrombosis, 588
ganglioglioma, 439
hemangiopericytoma, 405
lymphoma, 365–366
meningeal tumors, 392
meningioma, 395–398
peripheral nerve sheath tumors, 572
preoperative embolization, 595
radiation-induced vasculopthy, 593
vasculitis, 501

Angiopoietins, 21, 51
Animal models, 304–313

bioluminescence imaging, 310
magnetic resonance imaging, 304–306, 320

amide-proton transfer-weighted images, 
308–309

diffusion imaging, 307–308
vascular parameters measurement, 306



Arthropathy, epidural space involvement, 
550–551

Aseptic meningitis, chemotherapy-induced, 
108, 109

L-Asparaginase, 68, 69, 73, 83
complications, 110–111, 594

Aspergillosis, 515, 591, 592
Astrocytoma, 9

arterial compromise, 588
cerebellar, 473–474
deep brain invasion, 431
desmoplastic infantile, 439–440
diffuse, 9–11, 420–421, 470

non-infi ltrative, 345–351
progression to higher grade, 344–345
well differentiated infi ltrative, 343–345

diffusion-weighted imaging, 242, 470
dynamic susceptibility contrast imaging, 

271
genetic abnormalities, 325
grading, 325, 341

imaging, 341–343
localized, 11
low-grade, 341–351

computerized tomography, 343
magnetic resonance imaging, 343

magnetic resonance spectroscopy, 470
malignant, 325–337
pathology, 9–11
pediatric, 470

cervicomedullary, 475
perfusion magnetic resonance, 142
pineal region, 449, 454–455
pituitary, 388
spinal cord, 31, 33, 36

chemotherapy, 45
pathology, 40–41
radiation therapy, 44
surgical therapy, 42, 43

thalamus, 420–421
WHO classifi cation, 10

Atherosclerosis, radiation therapy-related 
acceleration, 69, 80, 106, 593

Atrial myxoma, tumor emboli, 590
Atypical rhabdoid-teratoid tumor

midbrain, 476
thalamus, 425

Autoantibodies, paraneoplastic neurological 
disorders, 86, 87, 88

Autoimmune disorders, 5
paraneoplastic syndromes, 85

Autonomic dysfunction, epidural spinal cord 
compression, 54, 55

B cell markers, primary lymphoma, 15
Back pain, epidural spinal cord compression, 

537
Basal ganglion tumors, 419–427

computerized tomography, 424
germ cell, 424–425
lymphomas, 425–427
magnetic resonance imaging, 424
magnetic resonance spectroscopy, 426
metastatic, 427

Benign fi brous histiocytoma, skull base, 
466

β-human chorionic gonadotropin, germ cell 
tumor marker, 457

Bevacizumab, complications, 110
Bioluminescence imaging, animal brain 

tumors, 310
Biopsy, 15

intramedullary spinal cord metastases, 51
lymphomatosis cerebri, 370
magnetic resonance spectroscopy for site 

selection, 258
pineal region tumors, 457
plexopathy, 95, 96
radionecrosis, 103

Bismuth germinate, 291
Bladder cancer

metastases, 6
plexopathy, 93

Blood oxygen level-dependent (BOLD) 
imaging, 163, 248

brain tumor/prior surgery effects, 253
high grade glioma treatment planning, 187
neurosurgical treatment planning, 181
oligodendroglioma, 360
tumor hypoxia, 300
ultra-high fi eld magnetic resonance, 296

Brachial plexopathy, 92
clinical features, 93
differential diagnosis, 94
evaluation, 95–96
magnetic resonance imaging, 566
neoplastic disorders, 93, 94, 566, 567, 583
radiation-induced, 102, 107–108, 567

Brachial plexus, 90, 559–560
anatomy, 90–91
computerized tomography, 562
magnetic resonance imaging, 562

Brain abscess, 499, 592
diffusion-weighted imaging, 220, 240, 499, 

517–518
glioblastoma multiforme differentiation, 

333–334
lymphoma differentiation, 367
magnetic resonance spectroscopy, 333–334, 

499
Brain radiation injury, 102–107

acute, 102–103
early delayed, 103
late delayed, 103–107

Brain tumors
diffusion magnetic resonance imaging, 

215–235, 239–245
imaging pitfalls, 515–518
microvascular imaging, 140–145
perfusion imaging, 264–274
see also Metastatic brain tumors; Pediatric 

brain tumors; Primary brain tumors
Brainstem encephalitis, paraneoplastic, 87
Branched chain amino acids, magnetic 

resonance spectroscopy, 138
Breast cancer

brachial plexopathy, 92, 93, 94, 97, 566, 
567

brain metastases, 5, 6, 20, 21, 23, 485
basal ganglia, 427
intracranial hemorrhage, 68, 73
meninges, 490
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pituitary gland, 382
thalamus, 427

chemotherapy-related cerebrovascular 
complications, 594

dynamic contrast enhanced imaging, 266
neoplastic meningitis, 58, 60, 64
paraneoplastic neurological disorders, 

86, 87
spinal cord metastases, 537

epidural spinal cord compression, 54
intramedullary, 34, 52

Breast-feeding, X-ray contrast agent safety, 
126

5-Bromodeoxyuridine, 507
Brompcriptine, 378, 379
Brucellosis, epidural space involvement, 550

11C-methionine-positron emission 
tomography, 281, 283–285

chordoma, 463
dysembryoplastic neuroepithelial tumor, 

442
ganglioglioma, 439
glioma grading, 343
oligodendroglioma, 361

Calcium pyrophosphate dihydrate crystal 
deposition, 550

Candida brain abscess, 592
Capillary telangiectasias, radiation-induced, 

594
Carboplatin, 16, 45
Carcinomatous encephalitis, 487
Carcinomatous meningitis, 58

ischemic stroke, 589
see also Neoplastic meningitis

Carmustine, 16, 45
Carotid artery

athersclerosis/stenosis, radiation-induced 
acceleration, 69, 106, 593

internal
meningeal tumor involvement, 392, 397, 

398, 400
radiosurgery-related damage, 194–195
surgical injury/compression, 79, 80

magnetic resonance angiography, 78
Carotid blow-out syndrome, 593
Cauda equina syndrome, neoplastic 

meningitis, 61
Cavernous angioma, radiation-induced, 106, 

594
CD19, 15
CD20, 15, 26
CD45, 15
CD79a, 15
CDK4, 17, 46
Cellular telephones, 5
Central nervous system infarction, 74–81
Central neurocytoma, 435–437

angiography, 436
computerized tomography, 435–436
deep brain invasion, 431
differential diagnosis, 436
magnetic resonance imaging, 436
magnetic resonance spectroscopy, 436–437
pathology, 435
positron emission tomography, 437
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thallium-201 single photon emission 
computerized tomography, 437

treatment, 437
Cerebellar astrocytoma, 473–474
Cerebellar degeneration, paraneoplastic, 86
Cerebellar hemangioblastoma, 222
Cerebellar liponeurocytoma, 443–444
Cerebellar syndrome, acute chemotherapy-

induced, 108, 109
Cerebral blood fl ow

animal brain tumors, 306
brain tumor characterization, 271
dynamic contrast-agent magnetic 

resonance imaging, 264–273, 342
dynamic susceptibility contrast imaging, 

267, 269
gadolinium fi rst pass perfusion studies, 152
glioma grading, 342
pediatric brain tumors, 469
perfusion computerized tomography, 274
single photon emission computerized 

tomography, 279
Cerebral blood volume

animal brain tumors, 306
astrocytoma, well differentiated diffuse 

infi ltrative, 344
dynamic contrast-agent magnetic 

resonance imaging, 264–273, 342
dynamic susceptibility contrast imaging, 

267, 268, 269
contrast leakage effects, 269–270

dysplastic cerebellar gangliocytoma, 443
gadolinium fi rst pass perfusion studies, 

152
glioblastoma multiforme, 332

metastatic brain tumor differentiation, 
334

post-therapeutic imaging, 336
glioma grading, 270–271, 341, 342, 470
meningeal tumors, 392
meningioma post-embolization imaging, 

398–399
metastatic brain tumors, 488
oligodendroglioma, 359, 360, 361, 505
pediatric brain tumors, 469
perfusion computerized tomography, 273, 

274
treatment response evaluation, 512
tumor margins assessment, 272

Cerebral embolism, 69, 587, 590
septic, 70, 592

Cerebral infarction (stroke), 68, 74–81, 499
brain tumor differentiation, 515, 516
brain tumor-related, 78–79
brain tumor treatment-related, 69, 79–80, 

593
endovascular techniques, 78
imaging, 74–78
ischemic penumbra measurement, 76

fi rst pass perfusion studies, 153
thrombolysis, 74, 76, 78

Cerebral ischemia
diffusion-weighted imaging, 216
intraoperative detection, 230
therapy-related, 69
tumor embolization, 69

Cerebral venous thrombosis, 68, 83–84, 
587–588

clinical features, 83
computerized tomography, 588
diagnosis, 83
diffusion-weighted imaging, 588
magnetic resonance imaging, 588
metastatic, 84
prognosis, 83
treatment, 83

Cerebrospinal fl uid circulation, 530–531
Cerebrospinal fl uid examination

leptomeningeal metastases, 523, 527–528
neoplastic meningitis, 59–60

Cerebrospinal fl uid fl ow studies
epidural spinal cord compression, 548
leptomeningeal metastases, 523, 527, 528, 

530
radionuclide studies, 530–534

neoplastic meningitis, 60
Cerebrovascular complications, 587–596

infection-related, 591–593
therapy-related, 69–70, 593–595
tumor-related, 587–591

Cervical plexopathy
associated neoplastic disorders, 93
clinical features, 93
differential diagnosis, 94
evaluation, 95

Cervical plexus, 90, 559–560
anatomy, 90
computerized tomography, 562
magnetic resonance imaging, 562

Cervicomedullary astrocytoma, 475
Chemical exchange saturation transfer 

magnetic resonance imaging, 308
Chemical shift imaging, 163–164, 257

see also Magnetic resonance spectroscopy
Chemicals exposure, 4
Chemotherapy

chordoma, 464
complications, 108–111

cerebrovascular, 69, 73, 83, 594–595
intrathecal administration, 63–64

gangioglioma, 439
germinoma, 381, 424
glioma, 507
intramedullary spinal cord metastases, 

52–53
leptomeningeal metastases, 533, 534
lymphoma, 364, 426
metastatic brain tumors, 25–27
neoplastic meningitis, 60, 61, 63–64
non-germinomatous germ cell tumors, 458
pilocytic astrocytoma, 381
plexopathy, 96
primary brain tumors, 16
primary spinal cord tumors, 44–45
treatment response evaluation, 507

diffusion tensor imaging, 231–232
magnetic resonance spectroscopy, 260

Chiasmatic glioma, 375, 380–381, 476, 
477–478

Choline, magnetic resonance spectroscopy, 
138–139, 159, 164, 207, 257, 258, 260, 
279, 309

astrocytoma, 470
cerebellar, 474
pilocytic, 349
pilomyxoid, 349

central neurocytoma, 436–437
choroid plexus carcinoma, 473
choroid plexus papilloma, 472
dysembryoplastic neuroepithelial tumor, 

441
ganglioglioma, 423, 439
glioblastoma multiforme, 332, 333, 334, 

336
glioma

grading, 341
pontine, 474, 475
thalamic, 423

hemangiopericytoma, 401–402
hypothalamic hamartoma, 478
lymphoma, 426
medulloblastoma, 473
meningioma, 395
metastatic brain tumors, 488
oligodendroglioma, 358
primitive neuroectodermal tumors, 425
prognostic indicators, 258
radiation necrosis differentiation from 

tumor recurrence, 336
thalamic tumors, 423
treatment response evaluation, 512

Chondroblastoma, skull base, 466
Chondroma, skull base, 466
Chondrosarcoma

clinical features, 466
imaging, 466
pathology, 465–466
sellar/juxtasellar region, 388
skull base, 464–466
spinal cord, 33
treatment, 466

Chordoid glioma, 429–430
Chordoma, 460–464

clinical features, 460–461
computerized tomography, 461, 463
magnetic resonance imaging, 461–463
pathology, 460
positron emission tomography, 463
prognosis, 466
sellar/juxtasellar region, 388
spinal cord, 33, 43, 44

pathology, 38–39
treatment, 43, 44, 463–464

Chorea, paraneoplastic, 87
Choriocarcinoma

metastases, 21, 22, 485
pineal region, 450, 452, 458
sellar region, 382
thalamus/basal ganglia, 426

Choristoma, sellar/juxtasellar region, 388
Choroid plexus carcinoma, 472–473
Choroid plexus papilloma, 472

pineal region, 449
Choroid plexus tumors

deep brain invasion, 431
pediatric, 472–473

Cisplatin, 16, 25, 45, 53, 594
complications, 110
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Clinical trials
baseline studies, 508, 510
central review, 508
computer-assisted volumetric methods, 

508, 511
diameter-based measurements, 508, 509–510
response criteria, 509–510
technical aspects, 508–511

Coagulopathy, 68, 72, 587
cerebral venous thrombosis, 83

Cognitive dysfunction
chemotherapy-induced, 108
radiation-induced

mild/moderate, 105
transient, 103

radionecrosis, 103
see also Dementia

Colloid cyst, 497–498
Complete response, 507, 510
Computer-assisted volumetric methods, 508, 

511
Computerized tomography, 278–279

astrocytoma
anaplastic, 325–326
cerebellar, 473
cervicomedullary, 475
low-grade diffuse, 343, 420
pilocytic, 345, 419

basal ganglion tumors, 423
central neurocytoma, 435–437
cerebellar liponeurocytoma, 443
cerebral infarction (stroke), 74, 587

vessel hyperdensity, 74
vessel hypodensity, 74

cerebral venous thrombosis, 587
chondrosarcoma, 466
chordoma, 460, 461
choroid plexus papilloma, 472
colloid cyst, 497
comparative aspects, 160
contrast agents, 124–126, 316

applications, 124–125
pregnant/breast-feeding patients, 126
side effects/toxicity, 125–126

craniopharyngioma, 383, 476
dermoid, 384, 496
dual source, 120
dysembryoplastic neuroepithelial tumor, 

440, 472
ependymoma

midbrain, 475
supratentorial, 470

epidermoid, 385, 496
epidural abscess, 550
epidural spinal cord compression, 55, 541
gangliocytoma, 439

dysplastic cerebellar, 442
ganglioglioma, 437

desmoplastic infantile, 439
germ cell tumors, 479
germinoma, 424

pineal region, 450–451
glioblastoma multiforme, 326, 420
glioma

chordoid, 429
pontine, 474

gliosarcoma, 336
glomus tumor, 581
gout, 551
hamartoma, hypothalamic, 478
helical, 119–120
hemangiopericytoma, 405
historical aspects, 119–120, 124

rotate/rotate geometry, 119
rotate/stationary geometry, 119
stationary/stationary geometry, 119
translate/rotate geometry, 119

hypothalamic tumors, 430, 478
intracranial hemorrhage, 73
leptomeningeal metastases, 523–524
leukoencephalopathy, 104
lipoma, 497
lymphoma, 365, 426, 430
medulloblastoma, 473
melanocytoma, 402
meningioma, 393

sellar/juxtasellar region, 379
metastatic brain tumors, 485–486

meningeal, 490
multiple detector arrays, 120
multislice scanners, dynamic imaging, 125
nerve sheath ganglion, 579
oligodendroglioma, 355
paraneoplastic cerebellar degeneration, 

600
pediatric brain tumors, 469
perfusion imaging, 273–274
peripheral nerve sheath tumors, 573
physics, 119–123

contrast agents, 124–126
image reconstruction, 120–123
pitch factor, 120

pineoblastoma, 454
pineocytoma, 454
pleomorphic xanthoastrocytoma, 349
plexopathy, 95, 96, 559, 562, 563, 568

abnormal nerve imaging, 564
plexus imaging, 562–563
posterior longitudinal ligament 

ossifi cation, 552
primitive neuroectodermal tumors, 425

supratentorial, 470
radiosurgery, 205–206, 207
Rathke’s cleft cyst, 386
schwannoma, 411, 553, 573

acoustic, 411, 415
sellar/juxtasellar lesions, 375–376
subdural hemorrhage, 72
subependymal giant cell tumor, 350–351, 

471
thalamic tumors, 419, 420, 424, 425, 426
traumatic neuroma, 579
treatment response evaluation, 508
see also Computerized tomography 

angiography; Computerized 
tomography myelography; Perfusion 
computerized tomography

Computerized tomography angiography
cerebral infarction (stroke), 74–76
contrast agents, 125
3D reconstruction methods, 76

MIP (maximum intensity projection), 76

MPR (multiplanar reformats), 76
SSD (shaded surface display), 76
VR (volume rendering), 76

meningeal tumors, 392
metastatic brain tumors, 486

Computerized tomography myelography
contrast agents, 124
epidural spinal cord compression, 540
leptomeningeal metastases, 527, 528, 530

Congenital immune defi ciency syndrome, 
364

Contrast agents, 316
computerized tomography, 124–126

applications, 124–125
pregnant/breast-feeding patients, 126
side effects/toxicity, 125–126

magnetic resonance imaging, 150–155, 159, 
160, 300, 301, 316–320, 341

iron oxide-based, 163
perfusion imaging, 264
X-ray, 124

Corticospinal tract, diffusion tensor 
tractography, 229

Corticosteroids
complications, 111
epidural spinal cord compression, 55–56

Cowden’s syndrome-Lhermitte-Duclos 
complex, 442

Cranial nerve III neuropathy, 466
Cranial nerve IV neuropathy, 466
Cranial nerve V neuropathy, 194, 466
Cranial nerve VI neuropathy

chondrosarcoma, 466
chordoma, 461
pineal region tumors, 450
schwannoma, 408

Cranial nerve VII neuropathy, 466
Cranial nerve VIII radiation sensitivity, 194
Cranial nerves

radiation sensitivity, 194
tumor proximity, radiosurgery principles, 

194
Cranial neuropathy

chemotherapy-induced, 109
chondrosarcoma, 466
chordoma, 461
dysplastic cerebellar gangliocytoma, 442
glioblastoma multiforme, 326
lymphoma

primary, 371
secondary, 371

neoplastic meningitis, 58
non-functioning pituitary adenoma, 374
pontine glioma, 474
radiation-induced, 108
radiosurgery-related, 194
schwannomas, 408

Craniopharyngioma, 375, 383–385, 476, 477, 
494

adamantinous, 384, 385
arterial compromise, 588
computerized tomography, 385
radiation therapy, 385
skull base, 466
squamous-papillary, 384, 385
surgical therapy, 385
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Creatine, magnetic resonance spectroscopy, 
138, 139, 164, 207, 257, 260, 279, 309

astrocytoma, 470
cerebellar, 474
pilocytic, 349
pilomyxoid, 349

central neurocytoma, 437
choroid plexus carcinoma, 473
choroid plexus papilloma, 472
dysembryoplastic neuroepithelial tumor, 

441
ganglioglioma, 423, 439
glioblastoma multiforme, 332, 333, 334, 336
glioma

grading, 341
pontine, 472, 475
thalamic, 423

hypothalamic hamartoma, 478
lymphoma, 426
medulloblastoma, 473
meningioma, 395
metastatic brain tumors, 488
oligodendroglioma, 358
primitive neuroectodermal tumors, 425
radiation necrosis differentiation from 

tumor recurrence, 336
thalamic tumors, 421, 423

Creutzfeldt-Jakob disease, 602
diffusion-weighted imaging, 216

Cushing’s disease, 203, 376
CyberKnife, 44, 196

see also Radiosurgery
Cyclophosphamide, 16, 25, 45, 53
Cyst-like lesions, 494–498
Cysts, 494–498
Cytarabine, 16, 45, 63, 64, 533

complications, 110

Dauorubicin, complications, 110
Deep brain

invasion by cerebral hemisphere tumors, 
431

see also Diencephalic tumors
Delayed radiation myelopathy, 107
Dementia

bilateral thalamic glioma, 421
chemotherapy-induced, 108, 109
lymphomatosis cerebri, 370
radiation-induced, 104–105

Deoxyhemoglobin, 173, 300
blood oxygen level-dependent (BOLD) 

signal, 181
functional magnetic resonance imaging, 

248
intraoperative hemorrhage detection, 175
tumor hypoxia imaging, 300

Dermoid, 496
computerized tomography, 385
magnetic resonance imaging, 385
pineal region, 449, 455
sellar/suprasellar region, 385, 476
spinal cord, 31, 33

surgical therapy, 42, 43
Desmoid, plexopathy, 94
Desmoplastic infantile astrocytoma, 341, 

439–440

Desmoplastic infantile ganglioglioma, 
439–440

Dexamethasone, 52, 55, 272, 342
Diabetes insipidus, 381, 382, 450, 479, 480

pituitary stalk lesions, 387
Diameter-based measurements, 508, 

509–510
Diaziquine, 64
Diencephalic syndrome, 428, 478
Diencephalic tumors, 419–430

basal ganglia-thalamus, 419–427
hypothalamus-optic chiasma, 427–430

Diffuse astrocytoma, 470
computerized tomography, 420
magnetic resonance imaging, 420
non-infi ltrative, 345–351
pathology, 9–11
progression to higher grade, 343–345
thalamus, 420–421
well differentiated infi ltrative, 343–345

Diffuse melanocytosis, 403
Diffusion imaging, brain tumors, 239–245
Diffusion spectrum imaging, 235
Diffusion tensor imaging, 136–138, 160, 162, 

215, 243–245
clinical applications, 138, 217–223, 

232–235
epidural spinal cord compression, 548
extracranial tumor assessment, 217–220
glioblastoma multiforme, 243, 331
glioma, 226, 243, 342

grading, 222
pontine, 475

intracranial cystic masses, 220–221
intraoperative, 172, 187–188, 229–230

brain tumor resection, 173, 174
image registration, 174

limitations, 235
metastatic brain tumors, 228
neurosurgical treatment planning, 182–183, 

187
motor mapping, 184
optic radiations, 186
white matter tracts, 228–229

oligodendroglioma, 360–361
pediatric brain tumors, 469
peritumoral margins, 225–226
principle, 217
treatment response evaluation, 231–232, 

512
tumor grading, 222
see also White matter tracts

Diffusion tensor tractography, 244–245
Diffusion values, brain tissue, 241
Diffusion-weighted imaging, 136–138, 161, 

162, 239–241
animal brain tumors, 306–308
astrocytoma, 242, 470

anaplastic, 242
brain abscess, 220, 240, 499, 517–518
brain tumors, 215, 239–243
cerebellar hemangioblastoma, 222
cerebral infarction (stroke), 74, 516
cerebral ischemia, 216
cerebral venous thrombosis, 587–588

clinical applications, 136–138, 217–223, 
232–235

cystic lesions, 220–221, 240
epidermoid, 217–218, 240
epidural spinal cord compression, 546
extracranial tumors, 217–220
ganglioglioma, 242
glioblastoma multiforme, 242, 330–331

differential diagnosis, 333
glioma, 225, 342
high b-factor images, 241–243
intraoperative, 175, 230
intravascular lymphomatosis, 370, 596
limitations, 235
lymphoma, 221, 334, 365
medulloblastoma, 221–222
meningioma, 218, 220
metastatic brain tumors, 242–243, 334, 

487–489
multiple sclerosis, 502
non-bacterial thrombotic endocarditis, 587
oligodendroglioma, 357–358
peritumoral margins, 223–229
posterior reversible encephalopathy 

syndrome, 594–595
preoperative planning, 223–229
principle, 136, 216
radiosurgery, 208
sarcoidosis, 515
septic infarcts, 592
treatment response evaluation, 230–232, 

508, 512
tumor grading, 221–222

Disseminated encephalomyelitis, acute, 602
Disseminated intravascular coagulation, 68, 

72
clinical features, 72
diagnosis, 72
hemorrhagic stroke, 587
treatment, 72

DMBT1, 17, 46
Docetaxel, complications, 110
Doxorubicin, 111
Dual source computerized tomography 

scanners, 120
Dural venous sinuses

meningeal tumor involvement, 392
thrombosis, 587–588

Dynamic contrast enhanced imaging, 
264–267, 342

animal brain tumors, 306
arterial input function, 265, 266
gadolinium contrast, 266
glioblastoma multiforme, 330
glioma, 265

grading, 342
high grade distinction from other 

neoplasms, 266
imaging methodology, 266
intraoperative, 175
meningioma, 395
non-central nervous system tumors, 266
oligodendroglioma, 360
pediatric brain tumors, 469
principle, 264–266
treatment response evaluation, 512
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Dynamic susceptibility contrast imaging, 264, 
267–271

arterial input function, 267
gadolinium contrast agent, 267

leakage effects, 269–270
glioma

grade distinction, 270–271
high grade distinction from other 

neoplasms, 271
image data post-processing, 268–269
imaging methodology, 267–268
imaging sequence, 268
oligodendroglioma, 359–360
pediatric brain tumors, 469
principle, 267
tumor margins assessment, 272
tumor vascular architecture assessment, 

272
Dysembryoplastic neuroepithelial tumor, 

440–442, 472
clinical features, 440–441
computerized tomography, 441, 472
magnetic resonance imaging, 441, 472
magnetic resonance spectroscopy, 441
pathology, 441
positron emission tomography, 442
single photon emission computerized 

tomography, 442
treatment, 442

Dysplastic cerebellar gangliocytoma 
(Lhermitte-Duclos disease), 442–443, 
502

cerebral blood volume, 443
clinical features, 442
computerized tomography, 442
magnetic resonance imaging, 502
magnetic resonance spectroscopy, 443
pathology, 442
single photon emission computerized 

tomography, 443
treatment, 443

Echo planar imaging, 160, 163, 173
diffusion-weighted imaging, 216, 232, 235
dynamic susceptibility contrast imaging, 

268
fi rst pass perfusion studies, 152
functional magnetic resonance imaging, 

360
Electrical cortical stimulation, 248

intraoperative, 188
language localization, 185–186
neurosurgical treatment planning, 182

glioma resection, 186
motor mapping, 184

Electromagnetic digitizers, intraoperative 
instrument tracking, 176

Elephantiasis neuromatosa, 572
Emboli, 69, 587

septic, 70, 592
tumor, 590

Embolization, preoperative, cerebrovascular 
complications, 595

Embryonal cell carcinoma
pineal region, 449, 451, 457
sellar region, 381

thalamus/basal ganglia, 425
Embryonal tumors

pathology, 12–13
WHO classifi cation, 12

Empty sella, 386–387
Encephalitis, 499–420, 501

diffusion-weighted imaging, 216
Encephalopathy, acute

chemotherapy-induced, 108, 109
radiation-induced, 102–103

Enchondroma, skull base, 466
Endocarditis, non-bacterial thrombotic, 587
Endodermal sinus tumor

pineal region, 449, 451, 457
thalamus/basal ganglia, 424–425

Endovascular therapy, cerebrovascular 
complications, 595

Eosinophilic granuloma, skull base, 466
Ependymoma

deep brain invasion, 431
myxopapillary, 33, 38
pediatric, 471, 474, 476
pineal region, 449, 455
posterior fossa, 473
spinal cord, 31, 32–33, 36

chemotherapy, 44–45
molecular genetics, 45–46
pathology, 40
radiation therapy, 43–44
surgical therapy, 41–43

Epidemiology, 3–7
metastatic brain tumors, 5–6
primary brain tumors, 3–5
primary spinal cord tumors, 31–34

Epidermal growth factor, 17, 21, 46, 51
Epidermal growth factor receptor, 5, 17, 21, 

26, 27, 46, 51
Epidermoid, 496

computerized tomography, 385
diffusion-weighted imaging, 217–218, 240
magnetic resonance imaging, 385
pineal region, 449, 455
sellar/suprasellar region, 385, 476
spinal cord, 31, 33

surgical therapy, 42, 43
Epidural abscess, 549–550
Epidural hematoma, 551
Epidural hemorrhage, 68, 591
Epidural lipomatosis, 552
Epidural space, 538–539

carcinomatous infi ltration, 539
Epidural spinal cord compression, 537–554

adults neoplasms, 54–56
cerebrospinal fl ow studies, 548
clinical features, 54–55, 537
computerized tomography, 541
computerized tomography myelography, 

540–541
diagnosis, 55
diffusion tensor imaging, 548
diffusion-weighted imaging, 546
magnetic resonance imaging, 539, 542–548

fat saturation techniques, 546–547
high fi eld, 548

myelography, 540–541
nuclear medicine, 541–542

pathophysiology, 54, 537–538
plain radiography, 540
positron emission tomography, 541–542
prognosis, 55, 537
radiological differential diagnosis, 

548–553
recurrence, 56
single photon emission computerized 

tomography, 542
treatment, 55–56

Epidural venous plexus, 539
compression, 54

Epilepsy
dysembryoplastic neuroepithelial tumors, 

440–442
hypothalamic hamartomas, 428–429

Epstein-Barr virus, 364
Equilibrium magnetization, 128
ERCC polymorphisms, 5
ERCC1, 5
ERCC2, 5
Erlotinib, 26
Esophageal cancer metastases, 6
Etoposide, 16, 25, 45, 52–53
Ewing’s sarcoma, brain metastases, 481
Extra-axial brain tumors, 515–516
Extracellular volume, 136

dynamic contrast enhanced magnetic 
resonance imaging, 154–155, 264

Extradural spinal cord tumors
metastatic, 527, 528
primary

epidemiology, 31
surgical therapy, 43

Extramedullary hematopoiesis, 502
epidural spinal cord compression, 552

Extramedullary spinal cord tumors
metastatic, 527
primary
epidemiology, 31
surgical therapy, 41–43

18F FDG-positron emission tomography, 281, 
311

brain tumor detection, 281–282
central neurocytoma, 437
chordoma, 463
dysembryoplastic neuroepithelial tumor, 

442
epidural spinal cord compression, 541, 

542
follow-up assessment, 282–283
ganglioglioma, 439
glioma

grading, 343
pontine, 475

lymphoma, 366, 367
metastatic brain tumors, 490
occult malignancy with paraneoplastic 

disorder, 603–604
radiation necrosis, 518
tumor recurrence, 187
tumor staging, 282

18F Fluorothymidine-positron emission 
tomography, 285

Facial schwannoma, 408, 410
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Fast spin echo, 160, 162–163
epidural spinal cord compression, 543
plexus imaging, 563

Fibrillary astrocytoma, 204, 343, 504
chiasma/hypothalamus, 477

Fibroblast growth factor, 21, 51
Fibrolipomatous hamartoma (neural 

fi brolipoma), 577–578
FIESTA, acoustic schwannoma, 412
Filtered back-projection, computerized 

tomography image reconstruction, 
121–122

FLAIR
acoustic schwannoma, 412
arachnoid cyst, 496
bilateral thalamic glioma, 421
bright cerebrospinal fl uid, 515–516
cerebral infarction (stroke), 76, 77
epidermoid, 496
epidural spinal cord compression, 547–548
intravascular lymphomatosis, 370
leptomeningeal metastases, 515
leukoencephalopathy, 104
lymphoma, 365

leptomeningeal, 369
meningeal metastases, 490
oligodendroglioma, 355, 360
paraneoplastic disorders, 600

brainstem encephalitis, 602
cerebellar degeneration, 600
chorea, 602
limbic encephalitis, 600, 602

physics, 131–132
posterior reversible encephalopathy 

syndrome, 595
FLASH, dynamic susceptibility contrast 

imaging, 268
5-Fluorouracil, complications, 108, 110
Focal adhesion kinase, 20
Focused ultrasound surgery, magnetic 

resonance imaging guidance, 177–178
Folinic acid rescue, 64
Forbes-Albright syndrome, 202
Foreign body granuloma, 515
Fourier transformation, 132, 133
Fractional anisotropy, 138, 217, 243

epidural spinal cord compression, 548
glioblastoma multiforme, 243, 331
glioma grading, 222, 342
metastatic brain tumors, 488
oligodendroglioma, 360
tumor infi ltration evaluation, 225–226
white matter tracts, 226, 227, 228

Functional brain mapping, neurosurgical 
treatment planning, 181–184

Functional magnetic resonance imaging, 160, 
248–255

block designs, 248–249, 360
disadvantages, 182
event-related designs, 248, 249, 253

fast/slow, 248
glioblastoma multiforme, 250–251
interpretation pitfalls, 253–255
intraoperative, 172, 187–188, 230

brain tumor resection, 173–177
high fi eld, 188

image registration, 174
language lateralization, 184, 251–252, 

254–255
language localization, 185–186, 252
memory lateralization, 186
neurosurgical treatment planning, 15, 

181–182, 228, 229
cortical mapping, 173, 184
glioma resection, 186, 187

oligodendroglioma, 360
patients with tumor-related disabilities, 

252–253
principle, 250–251
sensory/motor, 184, 249–251, 254
validation, 181
see also Blood oxygen level-dependent 

(BOLD) imaging
Functional transcranial Doppler ultrasound, 

188
Fungal sepsis, cerebral embolism, 70

Gadobenate dimeglumine, 319, 487
brain metastatic tumor imaging, 487

Gadobutrol, 317
Gadocoletic acid, 319
Gadodiamide, 150, 318
Gadofosveset trisodium, 319
Gadolinium contrast agents, 150, 163, 316

animal brain tumor imaging, 306
biodistribution, 151
blood pool agents, 320
chemical structure, 318
clinical applications, 151–152
dynamic contrast-enhanced imaging, 

154–155, 264, 265
intraoperative, 175

dynamic susceptibility contrast imaging, 
267–268

leakage effects, 269–270
epidural spinal cord compression imaging, 

544
fi rst pass perfusion studies, 152–153
glioma grading, 341–342
macromolecular structures, 320
magnetic resonance angiography, 153

phase contrast technique, 153
time-of-fl ight technique, 153

metastatic brain tumor imaging, 486
double/triple dose, 487

non-protein interacting chelates, 316–317
physicochemical characteristics, 317
radiation therapy planning, 260
relaxation effects, 151
safety, 150–151, 318–319
signal enhancement, 151–152
with strong protein intraction, 319–320
treatment response evaluation, 508–509
with weak protein intraction, 319

Gadolinium galactopyranose, 513
Gadolinium oxyorthosilicate, 291
Gadomer-17, 265, 320
Gadopentate dimeglumine (Gd-DTPA), 150, 

265, 306, 317, 318, 342
Gadoteridol, 150
Gadotexetate disodium, 319
Gadoversetamide, 318

Gait disturbance
cerebellar liponeurocytoma, 443
chordoma, 460
gliomas, 325
meningeal metastases, 490

Gallium-67 scintigraphy, peripheral nerve 
sheath tumors, benign, 572

Gamma Knife, 195, 196
see also Radiosurgery

Gamma radiation, 195
Gangliocytoma, 437–439, 472

clinical features, 437
computerized tomography, 438
differential diagnosis, 439
dysplastic of cerebellum, 442–443
magnetic resonance imaging, 438–439
pathology, 437
spinal cord, 439
thalamic, 423
treatment, 439

Ganglioglioma, 437–439, 472
angiography, 439
clinical features, 437
computerized tomography, 438, 439
desmoplastic infantile, 439–440
differential diagnosis, 439
diffusion-weighted imaging, 242
magnetic resonance imaging, 438–439
magnetic resonance spectroscopy, 439
pathology, 437
pineal region, 449
positron emission tomography, 439
single photon emission computerized 

tomography, 439
spinal cord, 439
thalamic, 423
treatment, 439

Ganglion, nerve sheath, 579–580
Ganglioneuroma, plexopathy, 94
Gastrointestinal cancer metastases, 6, 21, 

23, 485
basal ganglia, 427
intramedullary spinal cord, 34
plexopathy, 94
thalamus, 427

Gefi tinib, 27
Gelastic seizures, 428, 499
Gemcitabine, 64
Gemistocytic astrocytoma, 204, 343
Genetic polymorphisms, 5
Genetically engineered mouse models, 304

bioluminescence imaging, 310
magnetic resonance imaging, 304, 306

Germ cell tumors
pineal region, 449, 450–451
sellar/suprasellar, 381–382

pediatric, 476, 479
thalamus/basal ganglia, 424–425
tumor markers, 457

Germinoma
chemotherapy, 381–382
computerized tomography, 424
magnetic resonance imaging, 381, 424, 

479
pineal gland, 381
pineal region, 449, 450, 457
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Germinoma (Contd)
sellar/suprasellar region, 381–382, 479

arterial compromise, 588–589
thalamus/basal ganglia, 424
treatment, 424, 457
tumor markers, 457

Giant cell glioblastoma, 10
Giant cell tumor, skull base, 466
Gigantism, 203
Glial fi brillary acidic protein

chordoid glioma, 429–430
dysembryoplastic neuroepithelial tumor, 

440–442
spinal astrocytoma, 41
spinal ependymoma, 40

Glioblastoma multiforme, 9, 10, 325, 326–336, 
470, 505

chemotherapy, 16
clinical features, 326
computerized tomography, 326, 420
differential diagnosis, 333–336
diffusion tensor imaging, 243, 331
diffusion-weighted imaging, 136, 242, 334
dissemination, 328–329

extraneural metastases, 328–329
epidemiology, 3, 5, 9
functional magnetic resonance imaging, 

250–251
genetic alterations, 505
hypothalamus/optic pathway, 380, 427–428
infi ltration evaluation, 258
magnetic resonance imaging, 326–329, 334, 

336, 420
magnetic resonance spectroscopy, 139, 

332–334, 336
metastatic brain tumor differentiation, 334
microvascular proliferation, 329
multifocal/multicentric, 329
neurosurgical treatment planning, 187
pathology, 9–11
perfusion magnetic resonance imaging, 

142, 334
primary, 505
prognosis, 326
radiation therapy, 15, 16, 44
radiosurgery, 205
secondary, 505
spinal cord, 41, 44
surgical therapy, 15
thalamus, 421–422
treatment response evaluation, 336, 507
tumor margins evaluation, 329–330, 331

Glioma, 9, 215, 278, 504–505
arterial spin labeling, 273
basal ganglia, 419–427
blood oxygen level-dependent (BOLD) 

imaging, 253
brain-stem, 473
cerebral blood volume values, 270–271, 332
chemotherapy, 16, 506–507
chiasmatic, 476, 477–478
chordoid, 429–430
clinical trials, 507
computerized tomography, 474
diffuse infi ltrating, 505

evolution, 505

imaging following diagnosis, 505–507
diffusion tensor imaging, 222, 225, 226, 227, 

243, 342, 475
white matter infi ltration, 138

diffusion-weighted imaging, 136, 225, 342
post-treatment evaluation, 230–232

dynamic contrast enhanced imaging, 265, 
266, 342

dynamic susceptibility contrast imaging, 
270–271

epidemiology, 3, 4, 5, 9
grading, 222, 270–271, 325, 331, 332, 342–

343, 470
high grade, 187, 215, 225, 227, 243–244, 258, 

325–337, 506–507
arterial compromise, 588–589
genetic abnormalities, 325
metastatic brain tumor differentiation, 

334
perfusion imaging, 266, 271, 273
progression, 506–507
surgical treatment, 205
treatment response, 506–507

hypothalamus, 427–428, 476, 477–478
infi ltration evaluation, 225, 257–258
intracranial hemorrhage, 72
intratumoral hemorrhage, 590
low grade, 186, 243–244, 258, 341–351, 504, 

505
age-dependent changes, 505, 506
anaplastic progression, 341, 344, 505, 506
imaging surveillance, 505–506
treatment, 204–205

magnetic resonance imaging, 159, 429, 475
intraoperative, 173, 175
sellar/juxtasellar region, 379
T1-weighed permeability imaging, 144, 

145
magnetic resonance spectroscopy, 139, 207, 

257, 258, 262, 332, 469, 474–475
molecular therapeutics, 17
neurosurgical treatment planning, 186, 187
optic chiasma, 427–428
pediatric tumors, 470
perfusion computerized tomography, 273
perfusion magnetic resonance, 141, 142, 

143, 342
pontine, 474–475
positron emission tomography, 343, 475
radiation-induced, 105, 106
radiation therapy, 15, 507
radiosurgery, 204–205
sellar region, 375, 380–381
single photon emission computerized 

tomography, 279, 280, 343
spinal cord, 45
surgical therapy, 204–205

focal cerebral infarcts, 79
intraoperative imaging guidance, 173

thalamic, 419–423
bilateral, 421–423

transformation from low to high grade, 341, 
342, 504, 505

treatment response evaluation, 230, 507, 
512

perioperative infarcts, 508

technical aspects, 508–511
white matter tract involvement, 226, 227, 

244
WHO classifi cation, 278, 470

Gliosarcoma, 10, 325, 336–337
arterial compromise, 588–589
computerized tomography, 336–337
extracranial metastases, 336
magnetic resonance imaging, 337

Glomus tumor, 571, 581–582
plexopathy, 94
skull base, 466

Glossopharyngeal schwannoma, 408
Glutamine plus glutamate, magnetic 

resonance spectroscopy, 
oligodendroglioma, 358

Glycine, magnetic resonance spectroscopy
central neurocytoma, 437
oligodendroglioma, 358

Gonadotropin defi ciency, radiation-induced, 
107

Gout, 550, 551
Gradient echo, 134–135, 160, 161, 162

dynamic susceptibility contrast imaging, 
268

epidural spinal cord compression imaging, 
546

intraoperative hemorrhage detection, 175
ultra-high fi eld magnetic resonance 

imaging, 297, 298
Granulomatous angiitis of central nervous 

system, 595–596
Granulomatous disease, epidural space 

involvement, 550
Growth hormone defi ciency

craniopharyngioma, 383–385
radiation-induced, 107

Growth hormone-secreting pituitary 
adenoma, 376, 379

radiosurgery, 203

Hamartin, 471
Hamartoma, 499

fi brolipomatous (neural fi brolipoma), 
577–578

hypothalamic, 383, 428–429, 476, 478–479
magnetic resonance imaging, 429
optic chiasma, 427–429
plexopathy, 94

Head and neck cancer, plexopathy, 93, 94
Headache

central neurocytoma, 435
cerebellar liponeurocytoma, 443
cerebral venous thrombosis, 588
chemotherapy-induced, 108, 109
chondrosarcoma, 466
chordoid glioma, 429
chordoma, 461
craniopharyngioma, 383–384, 477
dysplastic cerebellar gangliocytoma, 442
glioblastoma multiforme, 326
glioma, 325
hamartoma, 499
hypothalamic/optic chiasma tumors, 428
intracranial hemorrhage, 73, 590
meningeal metastases, 490
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meningioma, 393
neoplastic meningitis, 58
pineal region tumors, 450
vasculitis, primary central nervous system, 

501
Hearing loss

acoustic schwannoma, 410, 415–416
treatment-related, 201–202

chondrosarcoma, 466
chordoma, 461
facial schwannomas, 408
radiosurgery-related, 194

Hemangioblastoma
cerebellar, 222
diffusion-weighted imaging, 222
plexopathy, 94
spinal cord, 33

pathology, 39–40
surgical therapy, 43

Hemangiopericytoma, 392, 400402
angiography, 401
computerized tomography, 401
magnetic resonance imaging, 401
magnetic resonance spectroscopy, 401
plexopathy, 94

Hematoma
brain tumor differentiation, 516
intraoperative magnetic resonance 

imaging, 175
Hemodynamic response function, 163
Hemolytic-uremic syndrome, 69, 587
Hepatoblastoma, thalamic/basal ganglia 

metastases, 427
Her2, 26
High angular resolution diffusion imaging 

(HARDI), 235
HIV/AIDS

lymphoma, 364, 366, 367, 425–426, 427
hypothalamic-third ventricle, 430
magnetic resonance imaging, 426
toxoplasmosis differentiation, 501, 518

neurological complications differential 
diagnosis, 367

HLA associations, 5
Hodgkin’s disease, 364

central nervous system vasculitis, 70
paraneoplastic neurological disorders, 86
primary angiitis of central nervous system, 

595–596
primary central nervous system, 371

Horner’s syndrome, 93
Hounsfi eld units, 12
hSNF5/INI1 gene, 476
Human T-cell lymphotropic virus type 1 

(HTLV-1), 371
Hydatid disease, epidural space involvement, 

550
Hydrocephalus, 105

acoustic schwannoma radiosurgery-
related, 201

central neurocytoma, 436
cerebellar astrocytoma, 474
chiasmal/hypothalamic glioma, 477
chordoid glioma, 429
colloid cyst, 498
craniopharyngioma, 477

desmoplastic infantile astrocytoma, 441
desmoplastic infantile ganglioglioma, 441
dysembryoplastic neuroepithelial tumor, 

441
dysplastic cerebellar gangliocytoma, 442
mass effect, 78
midbrain pediatric tumors, 475
neoplastic meningitis, 61
pineal region tumors, 450, 457
radiosurgery-related, 194
spinal cord infarction, 81
subependymal giant cell tumor, 471

Hydroxyurea, 45
Hypercoagulable state, 587
Hyperprolacinemia, radiation-induced, 107
Hyperthyroidism, iodine-induced, 126
Hypoadrenalism, radiation-induced, 107
Hypofractionated radiotherapy, 193
Hypoglossal schwannoma, 408
Hypothalamic glioma, 375, 380–381, 427, 428, 

476, 477–478
chordoid, 429–430

Hypothalamic hamartoma, 383, 428–429, 476, 
478–479

associated congenital abnormalities, 479
computerized tomography, 478
magnetic resonance imaging, 478
magnetic resonance spectroscopy, 478–479

Hypothalamic lymphoma, 426, 430
Hypothalamic tumors, 419, 427–431

arterial compromise, 588–589
magnetic resonance imaging, 428, 429
magnetic resonance spectroscopy, 429

Hypothalamus, 427
Hypothyroidism

pituitary hyperplasia, 383
radiation-induced, 107

Hypoxia imaging, 300–301

123I-anexcin, single photon emission 
computerized tomography, 279

Idiopathic thrombocytopenic purpura, 70, 72
Ifosphamide, 45

complications, 110
Image contrast, magnetic resonance imaging, 

130–132
Image reconstruction

computerized tomography, 120–123
magnetic resonance imaging, 132–135

2D versus 3D, 134
frequency encoding, 133
gradient echoes, 134–135
k-space, 132, 133, 134
phase encoding, 133
slice selection, 133–134
spatial frequencies, 132–133
spatial localization, 132
spin echoes, 134

positron emission tomography, 288, 291
single photon emission computerized 

tomography, 288, 289–291
Image registration algorithms, 174
Imaging pitfalls, 515–518
Imatinib, 26, 27, 464
Immunocompromised patients

lymphoma

differential diagnosis, 425–427
magnetic resonance imaging, 365
primary central nervous system, 364

see also HIV/AIDS
Immunocytochemical markers, metastatic 

brain tumors, 22, 23
In vivo bioluminescence, animal brain tumor 

imaging, 310
111Indium-DTPA radionuclide 

ventriculography, leptomeningeal 
metastases, 531, 533

111Indium-octreotide, single photon emission 
computerized tomography, 279

Infection-related cerebrovascular 
complications, 591–593

Inferior petrosal/cavernous sinus venous 
sampling, 376

Infl ammatory disorders, 499–502
Instrument tracking, intraoperative, 176–177
Integrins, 311

micro-positron emission tomography, 311
Interferon-α, 64, 98
Interleukins, 21, 51
Intervertebral disk extrusion, 551
Intracranial hemorrhage, 68, 72–73, 499

chemotherapy-related, 73
clinical features, 72
coagulopathy-related, 587

disseminated intravascular coagulation, 
68, 72

diagnosis, 73
intratumoral, 68–69

preoperative embolization, 595
radiation-induced, 593
treatment, 73
tumor-related, 72–73, 590–591

Intracranial pressure elevation
gliomas, 325, 326
pineal region tumors, 450

Intracranial veno-occlusive disease, 83–84
Intradural spinal cord tumors

metastatic, 528
primary

epidemiology, 31
surgical therapy, 41–42

Intramedullary spinal cord tumors
metastatic, 33–34, 528

chemotherapy, 52–53
pathology, 50–51
primary sites, 50
radiation therapy, 52
surgical therapy, 51–52

primary
epidemiology, 31
surgical therapy, 42–43

Intraneural lipoma (neural fi brolipoma), 
577–578

Intraocular lymphoma, primary, 371
Intraoperative cortical mapping, 15
Intraoperative direct cortical bipolar 

stimulation, 251
Intraoperative image-guided surgery, 

187–188
brain shift, 187

Intraoperative line scan diffusion imaging, 
175
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Intraoperative magnetic resonance imaging, 
15, 23, 171–178

brain tumor resection, 173–177
complications detection, 175
dynamic contrast imaging, 175
heme-susceptibility sequence, 175
instrument tracking, 176
intraoperative brain shift, 174, 187
multimodality imaging, 173–174
neuronavigation, 176–177
rationale, 173
rigid/non-rigid image registration, 174

diffusion tensor imaging, 229–230
diffusion-weighted imaging, 230
focused ultrasound surgery, 177–178
functional magnetic resonance imaging, 

230
patient positioning, 173
procedural fl ow, 171–172
safety, 172
scanners, 171–172

conventional closed bore, 172
dedicated portable, 172
mobile closed bore, 172
vertically open, 172

thermal ablations, 177–178
Intraoperative spinal cord evoked potentials 

monitoring, 41
Intravascular lymphomatosis, 69, 79, 81, 

369–370, 595
diffusion-weighted imaging, 595
magnetic resonance imaging, 595

Intraventricular reservoir placement, 
neoplastic meningitis, 61

Intraventricular hemorrhage, 591
Inversion recovery, 131
Iodinated contrast agents, 124

iodine-induced hyperthyroidism, 126
precautions/contraindications, 126

Iodine-induced hyperthyroidism, 126
123Iodine-labeled amino acids, single photon 

emission computerized tomography, 
279, 280

Iodo- α-methyltyrosine, single photon 
emission computerized tomography, 
279, 280

Ionizing radiation exposure, 4
Iron oxide-based contrast agents, 163, 299, 

300, 316
cellular imaging, 300–301

Ischemic penumbra measurement, 76, 153
Ischemic stroke, 587

chemotherapy-related risk, 594
see also Cerebral infarction; Cerebral 

ischemia

JROSG99-1, 200

k-space, 132, 133, 134
KA11, 21
KiSS1, 21

Lactate, magnetic resonance spectroscopy, 
138, 139, 164, 257, 279

central neurocytoma, 437
cerebellar astrocytoma, 474

ganglioglioma, 423, 439
glioblastoma multiforme, 332
glioma grading, 341
lymphoma, 426
meningioma, 399
metastatic brain tumors, 489
oligodendroglioma, 358–359
prognostic indicators, 258
thalamic tumors, 423
treatment response evaluation, 512

Lambert-Eaton syndrome, 88
Langerhans cell histiocytosis, 476, 479, 480
Language lateralization

functional magnetic resonance imaging, 
185, 251–252

interpretation pitfalls, 254–255
patients with brain tumors/prior surgery, 

253
functional transcranial Doppler 

ultrasound, 188
neurosurgical treatment planning, 184–185
repetitive transcranial magnetic 

stimulation, 185
Wada testing, 184, 185, 251

Language localization
functional magnetic resonance imaging, 

252
neurosurgical treatment planning, 185–186

Larmor frequency, 164
Larmor precession, 128–129
Laser ablation procedures, magnetic 

resonance imaging guidance, 172, 177
Leptomeningeal gliomatosis, 79
Leptomeningeal lymphoma, primary, 369
Leptomeningeal metastases, 515, 523–534

cerebrospinal fl uid cytology, 523, 527–528
cerebrospinal fl uid fl ow studies, 523, 527

radionuclide studies, 530–534
cranial imaging

computerized tomography, 523–524
magnetic resonance imaging, 523–524

intra-cerebrospinal fl uid chemotherapy, 
533, 534

spinal imaging, 527–528
magnetic resonance imaging, 527, 528

staging, 523
tumor-related stroke, 589–590

Leukemia
intracranial hemorrhage, 68, 72
meningeal metastases, 490
pituitary stalk lesions, 387
sellar/juxtasellar region, 388
therapy-related stroke risk, 70

cerebral venous thrombosis, 83
Leukemic meningitis, 58

see also Neoplastic meningitis
Leukoencephalopathy

chemotherapy-induced, 109
radiation-induced, 104

Leveling, computerized tomography image 
reconstruction, 122–123

Lhermitte-Duclos disease see Dysplastic 
cerebellar gangliocytoma

Li-Fraumeni syndrome, 4
Limbic encephalitis, paraneoplastic, 86
Line scan diffusion imaging, 239

spinal cord infarcts, 81
Linear accelerator (LINAC) radiosurgery, 195, 

196
Lipid, magnetic resonance spectroscopy, 138, 

257, 279
central neurocytoma, 437
glioblastoma multiforme, 332
hemangiopericytoma, 401–402
lymphoma, 426
meningioma, 399
metastatic brain tumors, 489
oligodendroglioma, 358–359
treatment response evaluation, 512

Lipoma
hypothalamic, 431
intracranial, 497
meningeal, 399–400
perineural/intraneural (neural 

fi brolipoma), 577–578
plexopathy, 94
spinal cord, 33

surgical therapy, 42
Lipomatosis, epidural, 552
Lomustine, 16
Luciferases, 310
Lumbar puncture

cerebrospinal fl uid drug delivery, 
neoplastic meningitis, 61

meningeal reaction, 60
Lumbosacral plexopathy, 93

clinical features, 93
differential diagnosis, 94–95
evaluation, 96
neoplastic disorders, 94, 566, 583
radiation-induced, 108

Lumbosacral plexus, 90, 559, 560
anatomy, 91–92
computerized tomography, 562
magnetic resonance imaging, 562

Lung cancer
brachial plexopathy, 93, 94, 566, 567, 583
brain metastases, 5, 6, 20, 21, 23, 485

basal ganglia, 427
carcinomatous encephalitis, 487
intracranial hemorrhage, 68, 69, 72, 73
intratumoral hemorrhage, 590
meningeal, 490
pituitary gland, 382
thalamic, 427

neoplastic meningitis, 58, 64
Pancoast syndrome, 94
paraneoplastic neurological disorders, 86, 

87, 88
prophylactic cranial irradiation, 24
spinal cord metastases, 33, 52, 53, 537, 538

epidural spinal cord compression, 54, 55
tumor emboli, 590

Lutetium oxyorthosilicate, 291
Lymphangioma, plexopathy, 94
Lymphocytic hypophysitis, 387–388, 479
Lymphocytic vasculitis, 501
Lymphoma, 364–372

anatomic distribution, 364–365
angiography, 365–366
basal ganglia, 425–427
brain metastatic, 486
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intracranial hemorrhage, 68, 73
meningeal, 490

chemotherapy, 16, 364, 426
computerized tomography, 365, 426
differential diagnosis, 367, 426–427, 515

HIV/AIDS patients, 501
immunocompromised patient, 427

diffusion-weighted imaging, 136, 221, 365
dynamic susceptibility contrast imaging, 

271
epidemiology, 364
epidural space infi ltration, 548–549
glioblastoma multiforme differentiation, 

334
hypothalamic-third ventricle, 430
intravascular lymphomatosis, 69, 369–370
lymphomatosis cerebri, 370
magnetic resonance imaging, 365, 426

immunocompetent versus 
immunocompromised patients, 
366–367

magnetic resonance spectroscopy, 426, 501
perfusion magnetic resonance imaging, 

501
pineal region, 449
pituitary stalk thickening, 479
plexopathy, 93, 94, 97
positron emission tomography, 366, 367, 

501
primary, 16, 364–372

intraocular, 371
leptomeningeal, 369
low-grade, 371
mucosa-associated lymphoid tissue 

(MALT), 371
pathology, 14–15
T-cell, 371

prognosis, 364
radiation therapy, 426, 593
secondary, 367
sellar/juxtasellar region, 387
single photon emission computerized 

tomography, 366, 367, 501
skull base, 466
spinal cord, 33, 371

metastatic, 34, 537, 538
thalamic, 425–427

Lymphomatosis cerebri, 370
Lymphomatous meningitis, 58

see also Neoplastic meningitis

Macrodystrophia lipomatosa, 577
Mafosphamide, 64
Magnetic fi eld

atomic nucleons, 158
external, 128, 159, 160
gradients, 132–133

image spatial localization, 132
inhomogeneities, 129–130, 134, 161

tissue heterogeneity-related, 162
radiofrequency, 129, 164, 294, 295
strength, 158

ultra-high fi eld imaging, 294
Magnetic nanosensors, 513
Magnetic resonance angiography

animal brain tumor imaging, 306

cerebral infarction (stroke), 77–78
clinical utility, 78
meningioma, 588

contrast agents, 153–154, 316, 319–320
phase contrast technique, 153
time-of-fl ight technique, 153

moyamoya disease, 154
Magnetic resonance imaging, 159, 278–279

animal brain tumors, 304–306, 320
amide-proton transfer-weighted images, 

308–309
vascular parameter measurements, 

306–307
arachnoid cyst, 496
astrocytoma

anaplastic, 326, 420
cerebellar, 474
cervicomedullary, 475
low-grade diffuse, 343, 420
midbrain, 476
pilocytic, 346–347, 419–420, 470, 476
pilomyxoid, 349
subependymal, 351

basal ganglion tumors, 424
brain tumors, 136–145, 159

direct measures of pathology, 159, 160
indirect measures of pathology, 159

cellular imaging, 300–301
central neurocytoma, 436
cerebellar liponeurocytoma, 443
cerebral infarction (stroke), 76–77
cerebral venous thrombosis, 83, 84, 588
cerebrovascular disorders, 76–77, 587
chondrosarcoma, 466
chordoma, 461–463
choroid plexus carcinoma, 472
choroid plexus papilloma, 472
colloid cyst, 498
comparative aspects, 160
contrast agents, 150–155, 159, 160, 316–320, 

341–342
iron oxide-based, 163

craniopharyngioma, 385, 477
delayed radiation myelopathy, 107
dermoid, 385, 496
diffusion-weighted imaging see Diffusion-

weighted imaging
dynamic contrast, 154–155, 264–273

see also Dynamic contrast enhanced 
imaging; Dynamic susceptibility 
contrast imaging

dysembryoplastic neuroepithelial tumor, 
441, 472

ependymoma
midbrain, 476
supratentorial, 471

epidermoid, 385, 496
epidural abscess, 550
epidural lipomatosis, 552
epidural spinal cord compression, 55, 539, 

542–548
extramedullary hematopoiesis, 552
gangliocytoma, 439

dysplastic cerebellar, 442–443, 502
ganglioglioma, 438–439

desmoplastic infantile, 440

germ cell tumors, 479
germinoma, 424, 479

pineal region, 451
sellar region, 381

glioblastoma multiforme, 326–328, 337, 
420–421

lymphoma differentiation, 334
glioma, 159, 429

chordoid, 430
grading, 341–342
hypothalamus/optic pathway, 381, 

478
low grade, 505, 506
pontine, 474

gliosarcoma, 337
glomus tumor, 582
gout, 551
hamartoma, 429, 499

hypothalamic, 383, 478
hemangiopericytoma, 401
hematoma, epidural/subdural, 551
high fi eld, 160, 171, 181, 206

animal scanners, 304
brain metastases, 487
center brightness artefacts, 165
coil design, 165
intraoperative, 172
magnetic susceptibility issues, 162–163
radiofrequency penetration, 164–165
resolution, 160–162
scanners, 158–166
spinal epidural metastases, 548
static magnetic fi elds: signal-to-noise 

ratio, 163–164
historical aspects, 158
hypothalamic tumors, 383, 429, 430
image contrast

FLAIR, 131–132
inversion recovery, 131
STIR, 132
TE (echo time), 130
TR (repetition time), 130

images
proton density, 130
T1-weighted, 130–131
T2-weighted, 131

intervertebral disk extrusion, 551
intracranial hemorrhage, 73
intravascular lymphomatosis, 370, 596
Langerhans cell histiocytosis, 480
leptomeningeal metastases, 523

cranial, 523–527
spinal, 527, 528, 530

lipoma, 497
lymphoma, 365, 426, 430

immunocompetent versus 
immunocompromised patients, 
366–367

spinal cord, 371
T-cell, 371

medulloblastoma, 473
melanocytoma, 402
meningioma, 394, 395–396, 553

arterial occlusion, 588
post-embolization imaging, 398, 400
sellar/juxtasellar region, 379–380
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Magnetic resonance imaging (Contd)
metastatic brain tumors, 23, 486–487

meningeal, 490
monocrystaline iron-oxide nanoparticle 

(MION) endocytosis, 512–513
mycotic aneurysm, 592–593
neoplastic meningitis, 61
nerve sheath ganglion, 579–580
nerve sheath tumor, 571

benign peripheral, 572–576
malignant, 583

neural fi brolipoma, 578
neuroenteric cyst, 498
neurofi broma, 574

plexiform, 574, 576
neuroma

Morton’s, 581
traumatic, 581

neurosurgery guidance see Intraoperative 
magnetic resonance imaging

oligodendroglioma, 355–357
optic chiasma tumors, 428
paraneoplastic cerebellar degeneration, 

600
paraneoplastic chorea, 602
paraneoplastic limbic encephalitis, 600, 

602
pediatric brain tumors, 469, 481
perivascular space, 494
physics, 128–135

basic pulse sequence, 130
external magnetic fi eld, 128
gradient echoes, 134–135
image contrast, 130–132
image reconstruction see Image 

reconstruction
magnetic fi eld gradients, 132
radiofrequency magnetic fi eld, 129
radiofrequency pulse, 129, 160–161
relaxation, 129–130, 151
signal, 128
spin echoes, 134

pineal cyst, 495
pineoblastoma, 454
pineocytoma, 454
pituitary adenoma, 376–378, 379, 479–480
pleomorphic xanthoastrocytoma, 349
plexopathy, 95, 96, 559, 561, 562, 565, 567, 

568
abnormal nerve imaging, 564–565
brachial, 566

plexus imaging, 563–564
primitive neuroectodermal tumors, 425

supratentorial, 470
radiation necrosis, 518
radiation therapy planning, 258
radiosurgery, 206–207
Rathke’s cleft cyst, 386
sarcoidosis, 501
scanner fi eld strength defi nitions, 158, 171
schwannoma, 410, 411, 553, 574

acoustic, 410, 411, 412, 415
peripheral, 571–572
sellar region, 383

sellar/juxtasellar lesions, 375
septic infacrts, 592

spinal cord infarcts, 81
subdural hemorrhage, 72
subependymal giant cell tumor, 351, 471
thalamic tumors, 419, 423, 425, 426
treatment response evaluation, 508–509

diameter-based measurements, 508, 
509–510

ultra-high fi eld, 294–300
hypoxia imaging, 299–300
magnetic susceptibility, 296–299
spatial resolution, 294–296
see also Magnetic resonance 

angiography; Perfusion magnetic 
resonance imaging

Magnetic resonance microscopy, 162
Magnetic resonance spectroscopy, 138–139, 

159, 160, 163–164, 215, 257–262, 279
animal models, 309
astrocytoma, 470

cerebellar, 474
pilocytic, 347–348
pilomyxoid, 349

basal ganglion tumors, 426
brain abscess, 499
central neurocytoma, 436–437
choroid plexus carcinoma, 473
choroid plexus papilloma, 472
clinical applications, 139, 257–262
dysembryoplastic neuroepithelial tumor, 

441
dysplastic cerebellar gangliocytoma, 443
ganglioglioma, 439
glioblastoma multiforme, 332–333

differential diagnosis, 333–334
lymphoma differentiation, 334
treatment response evaluation, 336
tumefactive multiple sclerosis 

differentiation, 336
glioma, 207

bilateral thalamic, 423
grading, 341, 470
pontine, 474–475

hemangiopericytoma, 405
high fi eld, 299–300
hypothalamic hamartoma, 429, 478–479
intraoperative, 172
leukoencephalopathy, 104
lymphoma, 426, 501
malignant transformation of low-grade 

tumors, 260
medulloblastoma, 473
meningeal tumors, 392
meningioma, 396

post-embolization imaging, 400, 402
metastatic brain tumors, 488
multiple sclerosis, 502
oligodendroglioma, 358–359
pediatric brain tumors, 469–470
primitive neuroectodermal tumors, 425
principle, 138–139
prognostic indicators, 258
radiation necrosis, 103, 260–262, 336, 518
radiation therapy planning, 258, 260
radiosurgery, 207–208
surgical planning, 258
thalamic tumors, 421, 423, 425, 426

treatment response evaluation, 260, 512
tumor grading/differential diagnosis, 

257–258
tumor recurrence, 260–262

Magnetic resonance venography
cerebral venous thrombosis, 588
meningeal tumors, 392

Magnetic susceptibility, 162–163
functional magnetic resonance imaging, 

173
ultra-high fi eld magnetic resonance 

imaging, 296–299
Magnetization transfer, metastatic brain 

tumor imaging, 487
Magnetoencephalography, 248

language localization, 185
neurosurgical treatment planning, 183

Malignant psoas syndrome, 94
MAPK 1/2, 20, 26
Maspin, 21
Mass effect

cerebral vessel occlusion, 78
chordoid glioma, 429
craniopharyngioma, 384, 385
dysplastic cerebellar gangliocytoma, 442
sellar region tumors, 375
vasculitis, 501

Matrix metalloproteinases, 69, 72
Maximum intensity projection (MIP), 76

magnetic resonance angiography, 153
mdm2, 5, 17, 46
Mean transit time (MTT)

cerebral infarction (stroke), 76
dynamic contrast-agent magnetic 

resonance imaging, 264
Mean vessel diameter, 264
Medullary pediatric tumors, 475
Medulloblastoma, 278, 473

computerized tomography, 473
diffusion-weighted imaging, 136, 221–222
epidemiology, 3
magnetic resonance imaging, 473
magnetic resonance spectroscopy, 473
pathology, 12–13
radiation therapy, 15
thalamus, 425

Melanocytic tumors, 392, 402
Melanocytoma, 402
Melanoma, 402

brain metastases, 5, 6, 20, 21, 22, 23, 485
basal ganglion, 427
gradient echo T2* sequence magnetic 

resonance imaging, 487
intracranial hemorrhage, 69, 72
intratumoral hemorrhage, 590
meningeal, 490
sellar/juxtasellar region, 388
thalamus, 427

intramedullary spinal cord metastases, 34, 
52

neoplastic meningitis, 58, 64
plexopathy, 93, 94, 97

Memory lateralization, 186
Meningeal biopsy, 60, 61
Meningeal tumors, 392–405, 515–516

extra-axial location, 392
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imaging, 392
mesenchymal non-meningothelial, 

399–400
metastases, 490
pathology, 13–14
WHO classifi cation, 13

Meningioma, 392, 393–402, 515
angiographic evaluation, 396–400
arterial compromise, 588
computerized tomography, 379, 395
diffusion-weighted imaging, 136, 218, 220, 

395
dural tail, 395
dynamic contrast magnetic resonance 

imaging, 265, 395
epidemiology, 3, 4, 393
epidural spinal cord compression, 552–553
imaging evaluation, 393–395
intracranial hemorrhage, 73
intratumoral hemorrhage, 590
magnetic resonance imaging, 379–380, 394, 

395–396, 553, 588
magnetic resonance spectroscopy, 139, 396
pathology, 13–14
pineal region, 449, 455
post-embolization imaging, 398–400
preoperative embolization, 392

planning, 396
radiation-induced, 105, 106
radiosurgery, 200–201
schwannoma differentiation, 412–413
sellar/juxtasellar region, 375, 379–380
skull base, 466
spinal cord, 31, 32, 36, 42

pathology, 37
surgical therapy, 15, 42, 393
venous sinuses compression, 79
white matter tract involvement, 227, 244
WHO classifi cation, 393

Meningitis
granulomatous, 515
infectious, 515
neoplastic see Neoplastic meningitis

Merlin, 414
Metastatic brain tumors, 278, 485–491

basal ganglia, 427
biological markers, 6
carcinomatous encephalitis, 487
cerebral blood volume, 489
chemotherapy, 25–27
computerized tomography, 485–486
computerized tomography angiography, 

486
diffusion tensor imaging, 229
diffusion-weighted imaging, 136, 242, 

487–489
dynamic contrast enhanced imaging, 265
dynamic susceptibility contrast imaging, 

271
epidemiology, 5–6
glioblastoma multiforme differentiation, 

334
imaging approaches, 490–491
immunocytochemical markers, 22, 23
intracranial hemorrhage, 72–73
intratumoral hemorrhage, 590

magnetic resonance imaging, 486–487
delayed imaging, 487
double/triple dose contrast, 487
magnetization transfer, 487

magnetic resonance spectroscopy, 489
meningeal, 490
molecular biology, 6
molecular therapeutics, 26
oligodendroglioma differentiation, 360
pathology, 20–22
pediatric patients, 480, 481
perfusion computerized tomography, 274
perfusion-weighted imaging, 489
pineal region, 449, 455
pituitary stalk lesions, 387
positron emission tomography, 490
primary sites, 5, 6, 20
radiation therapy, 24–25
radiosurgery, 199–200
sellar/juxtasellar region, 382
single photon emission computerized 

tomography, 489–490
skull base, 466
surgical therapy, 22–24
thalamus, 427
white matter tract involvement, 227, 228, 

244
Metastatic cerebral venous thrombosis, 84
Metastatic peripheral nerve tumors, 583
Metastatic plexopathy, 93
Metastatic spinal cord tumors, 527, 528

epidemiology, 31
epidural cord compression see Epidural 

spinal cord compression
intramedullary see Intramedullary spinal 

cord tumors
pathophysiology, 537–538
radiation therapy, 537

Metformin-induced lactic acidosis, 126
Methotrexate, 16, 45, 63, 64, 533, 593

complications, 108, 594
Methylene diphosphonate scintigraphy, 

peripheral nerve sheath tumors, 572
Microangiopathy

chemotherapy-induced, 594
radiation-induced, 106–107

Microglia, ultra-small particle iron oxide 
(USPIO) contrast agents uptake/
imaging, 299

Microvascular imaging
brain tumors, 140–145
magnetic resonance imaging

high fi eld, 163
ultra-high fi eld, 297

Midbrain pediatric tumors, 475–476
Minimally invasvie procedures, 

intraoperative imaging, 172
Mixed germ cell tumor, pineal region, 449, 

451, 457
Mixed oligoastrocytoma, 9, 12, 204, 423
Mixed pineocytoma/pineoblastoma, 449
Molecular/‘targeted’ treatment

brain tumors, 16–17
spinal cord tumors, 45–46

Monocrystaline iron-oxide nanoparticle 
(MION) endocytosis, 512–513

Morton’s neuroma, 571, 580–581
Motor mapping

functional magnetic resonance imaging, 
249–251

interpretation pitfalls, 253–254
neurosurgical treatment planning, 184

Moyamoya-like disease, 589
magnetic resonance angiography with 

contrast enhancement, 154
radiation-induced, 106, 593

mTOR, 17, 46
Mucosa-associated lymphoid tissue (MALT) 

lymphoma, 371
Multichannel coils, 165
Multiplanar reformats (MPR), 76
Multiple detector array computerized 

tomography scanners, 120
Multiple sclerosis, 501–502, 516

diffusion-weighted imaging, 216, 502
gadolinium signal enhancement, 151
high-grade glioma differentiation, 334, 

336
magnetic resonance spectroscopy, 502
perivascular space enlargement, 495

mVD, 272
Myasthenia gravis, 85, 86, 88
Mycotic aneurysm, 592–593
Myelography

epidural abscess, 550
epidural spinal cord compression, 55, 540

Myeloma
amyloid deposit spinal cord compression, 

549
metastatic spinal cord tumors, 537

Myelopathy
chemotherapy-induced, 109
epidural spinal cord compression, 54

Myo-inositol, magnetic resonance 
spectroscopy, 138

choroid plexus papilloma, 472
glioblastoma multiforme, 332
glioma grading, 341
hemangiopericytoma, 405
hypothalamic hamartoma, 428, 429, 478
lymphoma, 426
oligodendroglioma, 358

Myoclonus, paraneoplastic, 87
Myositis ossifi cans, 94
Myxopapillary ependymoma, spinal cord

chemotherapy, 45
pathology, 38

N-Acetyl aspartate, magnetic resonance 
spectroscopy, 138, 139, 164, 207, 257, 
258, 260, 279, 309, 473

astrocytoma
pilocytic, 349
pilomyxoid, 349

central neurocytoma, 436, 437
cerebellar astrocytoma, 473, 474
dysembryoplastic neuroepithelial tumor, 

441
dysplastic cerebellar gangliocytoma, 443
ganglioglioma, 439
glioblastoma multiforme, 332, 333, 334, 

336
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N-Acetyl aspartate, magnetic resonance 
spectroscopy (Contd)

glioma
bilateral thalamic, 423
grading, 341
pontine, 474, 475

hypothalamic hamartoma, 429, 478
lymphoma, 426, 501
meningeal tumors, 392
meningioma, 395
metastatic brain tumors, 489
multiple sclerosis, 502
oligodendroglioma, 358
primitive neuroectodermal tumors, 425
radiation necrosis differentiation from 

tumor recurrence, 336
thalamic tumors, 421, 423
treatment response evaluation, 512
tumor infi ltration evaluation, 258

Nasopharyngeal carcinoma, skull base, 466
NC100150, 320
Near infrared spectroscopy, 248, 300
Neck pain, epidural spinal cord compression, 

537
Nelson’s disease, 203
Neoplastic meningitis, 58–65

clinical features, 58–59
diagnosis, 59–60

cerebrospinal fl uid examination, 59–60
neuroradiography, 60

epidemiology, 58
intrathecal chemotherapy, 60, 63–64
pathogenesis, 58
primary cancer site, 58
prognosis, 60–61
radiation therapy, 61, 63
staging, 60
supportive care, 64
surgical therapy, 61
treatment algorithm, 62

Nephrogenic systemic fi brosis/fi brosing 
dermopathy, 318

Nerve sheath ganglion, 579–580
Nerve sheath tumor, 90

epidemiology, 4
magnetic resonance imaging, 571
peripheral, 571

benign, 571–582
malignant, 582–583

plexopathy, 92, 93, 95, 96, 97–98, 566
radiation-induced, 108
spinal cord, 32
Neural fi brolipoma, 571, 577–578

magnetic resonance imaging, 578
ultrasound, 578

Neurilemmoma see Schwannoma
Neurinoma see Schwannoma
Neuroblastoma, 480

paraneoplastic neurological disorders, 86, 
87

spinal cord, 31
surgical therapy, 43

Neurocutaneous melanosis, 402
Neurocytoma see Central neurocytoma
Neuroendocrine dysfunction, radiation-

induced, 107

Neuroenteric cyst, 498
Neuroepithelial tissue tumors, WHO 

classifi cation, 9
Neurofi broma, 90

magnetic resonance imaging, 573, 574
peripheral, 572
plexopathy, 92, 93, 94, 96, 566
spinal cord, 31, 32, 36

pathology, 37–38
surgical therapy, 42

ultrasound, 572
Neurofi bromatosis type 1 (NF1), 3, 95, 566, 

571, 576
chiasma/hypothalamic gliomas, 427–428, 

477–478
clinical features, 576

mesodermal dysplasia, 576, 577
diagnostic criteria, 577
genetic aspects, 576
malignant peripheral nerve sheath tumors, 

582–583
multiple peripheral schwannomas, 572
optic gliomas, 477
pilocytic astrocytomas, 346

hypothalamus/optic pathway, 381
plexiform neurofi bromas, 572, 576
plexopathy, 92, 96, 97

Neurofi bromatosis type 2, 3, 413–415
acoustic schwannomas, 408, 410, 414

management, 415–416
diagnostic criteria, 414
Gardner type, 414
meningiomas, 393
plexopathy, 92
spinal cord tumors, 32, 415
Wishart type, 414

Neurofi bromin, 98, 576
Neuroglial (neuroepithelial) cyst, 497
Neurohypophysis, 375
Neuroma

Morton’s, 580–581
traumatic, 578–579
see also Schwannoma

Neuronal tumors, 435–444
pediatric, 473

Neuronal-glial mixed tumors, 472
Neuronavigation, 15, 23

3D-Slicer, 176–177
functional magnetic resonance imaging, 

251
intraoperative brain shift modeling, 187
intraoperative magnetic resonance 

imaging, 176–177
surgical microscope incorporation, 176

Neuropathy, chemotherapy-induced, 108, 109
Neurosurgery, magnetic resonance imaging 

guidance see Intraoperative magnetic 
resonance imaging

Neurosurgical treatment planning, 181–188
brain mapping techniques, 181
diffusion tensor imaging, 182–183
diffusion-weighted imaging, 223–229
electrical cortical stimulation, 182
electrocorticography, 182
extra-axial meningeal tumors, 392
functional cortical mapping, 228–229

functional magnetic resonance imaging, 
181–182

glioma
high grade, 187
low grade, 186

language lateralization, 184–185
language localization, 185–186
magnetic resonance spectroscopy, 258
magnetoencephalography, 183
memory lateralization, 186
motor mapping, 184
transcranial magnetic stimulation, 184
Wada testing, 183–184

Nevoid basal cell carcinoma syndrome, 3–4
NF1 gene, 346
NF2 gene, 46, 414
nm23, 21
Non-bacterial thrombotic endocarditis, 68
Non-functioning pituitary adenoma, 376

radiosurgery, 204
Non-germinomatous germ cell tumors

pineal region, 449, 451, 457
treatment, 458

sellar/suprasellar region, 479
Non-Hodgkin’s lymphoma, 364

central nervous system vasculitis, 70
paraneoplastic neurological disorders, 86
primary angiitis of central nervous system, 

595
Non-ionic X-ray contrast agents, 124

side effects/toxicity, 125
Non-neoplastic mass lesions, 494–502
Nuclear magnetization, 128, 158

Octreotide, 379
Olfactory neuropathy, radiation-induced, 108
Oligoastrocytoma, 11–12
Oligodendroglioma, 9, 11, 355–361, 505, 506, 

507
cerebral blood volume, 359, 360, 361, 505
computerized tomography, 355
diffusion tensor imaging, 360–361
diffusion-weighted imaging, 357–358
dynamic contrast-enhanced imaging, 360
dynamic susceptibility contrast imaging, 

273, 359–360
fractional anisotropy, 360–361
functional magnetic resonance imaging, 

360
high grade, 506
intratumoral hemorrhage, 590
low grade, 505
magnetic resonance imaging, 355–357
magnetic resonance spectroscopy, 359–360
metastatic brain tumor differentiation, 361
molecular biology, 12
pathology, 11–12
perfusion magnetic resonance, 142, 

359–360
positron emission tomography, 361
spinal cord, 33
thalamic, 423

Ommaya reservoir, 61
Oncogenes, 17, 20, 46
Opportunistic infections, 70
Opsoclonus, paraneoplastic, 87
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Optic chiasm compression
craniopharyngioma, 385
non-functioning pituitary adenoma, 204, 

376
Optic chiasma tumors, 427–431

glioma, 380–381, 427–428
hamartoma, 428–429
magnetic resonance imaging, 429

Optic nerve, radiation sensitivity, 194
Optic neuropathy, radiation-induced, 108, 

194
Organ transplant patients, primary central 

nervous system lymphoma, 364
Osteochondroma, plexopathy, 94
Osteolipoma, hypothalamic, 431
Osteoradionecrosis, 550
Osteosarcoma

skull base, 466
spinal cord, 43

Ovarian cancer
brain metastases, 6
intramedullary spinal cord metastases, 34, 

52
paraneoplastic neurological disorders, 86

Oxyhemoglobin, 173
blood oxygen level-dependent (BOLD) 

signal, 181
functional magnetic resonance imaging, 

248

p15, 17, 46
p16, 17, 46
p21, 98
p53, 5, 17, 46
P792, 320
Paclitaxel, complications, 110
Pain

epidural spinal cord compression, 54
neoplastic meningitis, 59
Pancoast syndrome, 97
paraneoplastic peripheral nervous system 

disorders, 87
plexopathy, 93, 97

Pallister-Hall syndrome, 429, 479
Pancoast tumor, 94, 567, 583

prognosis, 98
treatment, 97

Paraganglioma, spinal cord, 33
Parallel imaging, 165–166, 181

epidural spinal cord compression, 543
Parameningeal pediatric tumors, 480
Paraneoplastic brainstem encephalitis, 602
Paraneoplastic cerebellar degeneration, 86, 600
Paraneoplastic chorea, 87, 602
Paraneoplastic limbic encephalitis, 86, 

600–602
Paraneoplastic myelopathy, 602
Paraneoplastic neurological disorders, 85–88, 

600–605
autoantibodies, 86, 87, 88
cerebral venous thrombosis, 587
clinical features, 85
evaluation, 88
laboratory fi ndings, 88
occult malignancy imaging, 603–604
treatment, 88

Paraneoplastic opsoclonus/myoclonus, 87
Paravertebral space, 539
Parinaud’s syndrome, 495

pineal region tumors, 450
Partial response, 507, 510
Passive tracking systems, intraoperative 

instrument tracking, 176
Pathology, 9–15
Pediatric brain tumors, 469–481

brainstem, 474–476
cerebral hemispheres, 470–473
epidemiology, 469
metastatic, 480–481
parameningeal, 480
posterior fossa, 473–476
sellar/suprasellar, 476–480

Pelvic tumors, lumbosacral plexopathy, 93, 
94, 566, 583

Perfusion computerized tomography, 
273–274

cerebral infarction (stroke), 76
Perfusion magnetic resonance imaging, 

140–145, 160
arterial spin labeling, 273
cerebral infarction (stroke), 78
clinical applications, 141–143
glioblastoma multiforme, 331–332, 336

metastatic brain tumor differentiation, 
334

glioma grading, 342, 470
lymphoma, 501
meningeal tumors, 392
oligodendroglioma, 359–360
pediatric brain tumors, 469, 470
peritumoral region assessment, 272
principle, 140
radiosurgery, 208
therapy response evaluation, 272, 336
see also Dynamic contrast enhanced 

imaging; Dynamic susuceptibility 
contrast imaging

Perineural lipoma (neural fi brolipoma), 
577–578

Perineurioma, 90
plexopathy, 566

Peripheral nerve entrapment, 583–584
Peripheral nerve metastatic tumors, 583
Peripheral nerve radiation injury, 102, 108
Peripheral nerve sheath tumor, 571

benign, 572–576
malignant, 582–583

Peripheral nervous system disorders, 87
paraneoplastic, 87
radiation-induced, 108

Peripheral neurogenic tumors, 571–584
Peripheral sensorimotor neuropathy, 87
Peritumoral region see Tumor margins
Perivascular space, 494–495
Phase-contrast magnetic resonance 

angiography, cerebral infarction, 77
Phase imaging (susceptibility weighted 

imaging), 299–300
Phased array coils, 165

epidural spinal cord compression, 543
Phosphoinositol-3 kinase, 17, 20, 46
Photons, 195

radiosurgery, 195–196
Physaliphorous cells, 39
Physics

computerized tomography, 119–123
contrast agents, 124–126

diffusion tensor imaging, 217
diffusion-weighted imaging, 216
magnetic resonance imaging, 128–135

high fi eld scanners, 158–166
positron emission tomography, 291–292
single photon emission computerized 

tomography, 288–290
Picture archiving system, 561
Pilocytic astrocytoma, 11, 204, 341, 345–348

computerized tomography, 346, 419
hypothalamus/optic pathway, 380–381, 

428, 477
magnetic resonance imaging, 346–347, 

419–420, 470, 476
magnetic resonance spectroscopy, 

347–348
malignant transformation, 346
microvascular proliferation, 345
pathology, 345–346
pediatric tumors, 470

midbrain, 475
single photon emission computerized 

tomography, 279
spinal cord, 40
surgical therapy, 15
thalamus, 419–420

Pilomyxoid astrocytoma, 341, 348–349
magnetic resonance imaging, 349
magnetic resonance spectroscopy, 349

Pineal cyst, 455–457, 495
Pineal gland, 449

calcifi cation, 450
germinoma, 381

Pineal region tumors, 449–458
classifi cation, 449
clinical features, 450
deep brain invasion, 431
diagnosis, 457
epidemiology, 449
germ cell tumors, 479
imaging, 450–457
prognosis, 457–458
treatment, 457–458
tumor markers, 457

Pineoblastoma, 449, 454, 457
treatment, 15, 458

Pineocytoma, 449, 452, 454, 457
treatment, 458

Pitch factor, 120
Pituitary adenoma, 375, 376–379

arterial compromise, 588
cavernous sinus involvement, 378–379
incidental microadenomas, 376
intracranial hemorrhage, 72
intratumoral hemorrhage, 590
macroadenomas, 376, 377, 479
magnetic resonance imaging, 376–379, 

479–480
microadenomas, 376, 479
pediatric patients, 476, 479–480
radiosurgery, 202–204
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Pituitary apoplexy, 379, 588
Pituitary astrocytoma, 388
Pituitary gland

anatomy, 375
hyperplasia, 383
imaging, 375–376

Pituitary stalk, 375
Pituitary stalk lesions, 387

pediatric tumors, 479
Pituitary tumors, 375–388

inferior petrosal/cavernous sinus venous 
sampling, 376

metastatic, 382
surgical treatment, internal carotid artery 

injury, 79
Placental alkalnine phosphatase, germ cell 

tumor marker, 457
Plain radiography

epidural spinal cord compression, 540
glomus tumor, 582
peripheral nerve sheath tumor, 572

Plasma-tissue contrast agent transfer 
constant (Ktrans), 264

Plasmacytoma, skull base, 466
Platelet-derived growth factor, 17, 21, 

46, 51
Platelet-derived growth factor receptor, 17, 

26, 46, 51
Pleomorphic xanthoastrocytoma, 11, 341, 

349–350
computerized tomography, 349
magnetic resonance imaging, 349
malignant transformation, 349
pathology, 11

Plexiform neurofi broma, 572
magnetic resonance imaging, 574, 576
pediatric tumors, 480

Plexopathy, 90–98, 559–568
abnormal nerve imaging, 564–565
associated neoplastic disorders, 93–94
clinical features, 93
computerized tomography, 559, 561, 562, 

564, 565, 568
differential diagnosis, 94–95
epidemiology/risk factors, 92
evaluation, 95–96
extrinsic tumors, 566–567
magnetic resonance imaging, 559, 561, 562, 

564–565, 566, 568
pathophysiology, 92
positron emission tomography, 561, 567
primary neoplasms, 566
prognosis, 97–98
radiation-induced, 95, 102, 107–108, 

567–568
radiation therapy, 96, 97
surgical therapy, 96, 97

Plexus anatomy, 559–560
computerized tomography, 562–563
magnetic resonance imaging, 563–565

Polyvinyl alcohol embolization, 595
Pontine tumors, pediatric, 474–475
Positron emission tomography, 248, 278, 279, 

281–285, 288
central neurocytoma, 437
chordoma, 463

comparative aspects, 160
dysembryoplastic neuroepithelial tumor, 

442
epidural spinal cord compression, 541, 

542
ganglioglioma, 439
glioma, 343

grading, 341, 343
pontine, 475

image reconstruction, 290, 294
instrumentation, 291–292

detector confi gurations, 291–292
detector materials, 291

lymphoma, 366, 367, 501
metastatic brain tumors, 490
occult malignancy with paraneoplastic 

disorder, 603–605
oligodendroglioma, 361
paraneoplastic cerebellar degeneration, 

600
paraneoplastic limbic encephalitis, 600
pediatric brain tumors, 469
plexopathy, 95, 561, 567
principle, 291
radiation necrosis, 103, 518
small animal brain tumors (microPET), 

310–312
Posterior cerebellar artery compression, 78
Posterior fossa, pediatric tumors, 473–476
Posterior longitudinal ligament ossifi cation, 

552
Posterior reversible encephalopathy 

syndrome, 594–595
Precocious puberty, 383, 450, 479, 499

hypothalamic hamartomas, 428, 429
Prednisone, 45
Pregnant patients

pituitary hyperplasia, 383
X-ray contrast agent safety, 126

PRESS, 138
hypothalamic hamartoma, 478

Primary angiitis of central nervous system, 
595–596

Primary brain tumors, 278
associated hereditary syndromes, 3
chemotherapy, 16
epidemiology, 3–5
intracranial hemorrhage, 73
molecular/‘targeted’ treatment, 16–17
pathology, 9–15
radiation therapy, 15–16
risk factors, 3–4
surgical therapy, 15
WHO classifi cation, 9
see also Pediatric brain tumors

Primary spinal cord tumors
anatomic distribution, 31
chemotherapy, 44–45
classifi cation, 36
epidemiology, 31, 32
molecular/‘targeted’ treatment, 45–46
neurofi bromatosis type 2 associations, 

415
pathology, 36–41
radiation therapy, 43–44
surgical therapy, 41–43

Primitive neuroectodermal tumors
computerized tomography, 425
deep brain invasion, 431
diffusion-weighted imaging, 136
intratumoral hemorrhage, 590
magnetic resonance imaging, 425
magnetic resonance spectroscopy, 425
medulloblastoma, 13
pediatric supratentorial, 470–471
pineal region, 449
thalamus, 425

Procarbazine, 16, 45, 507
Progression-free survival, 507
Progressive disease, 507, 510
Prolactinoma, 376, 379, 479

radiosurgery, 202–203
Prophylactic cranial irradiation, 24
Prostate cancer

metastatic brain tumors, 6, 21, 485
intracranial hemorrhage, 68, 73

metastatic spinal cord tumors, 52, 
537

epidural spinal cord compression, 54
Proton density images, 130
Protons, 195

radiosurgery, 195–196
delivery systems, 196–199

Protoplasmic astrocytoma, 204, 343
Psammoma bodies, 14, 37
PTEN, 17, 21, 46, 442
Puberty, pituitary hyperplasia, 383
Pure sensory neuropathy, paraneoplastic, 

87

Quantitative perfusion computerized 
tomography, cerebral infarction, 
76

Rac/Rho, 20, 26
Radiation injury, 102–108

acute encephalopathy, 102–103
brain, 102–107

acute, 102–103
early delayed, 103
late delayed, 103–107

cerebrovascular disorders, 80, 593–594
lower motor neuron disease, 107
peripheral nerves, 102, 108
plexopathy, 92, 95, 97, 98, 102, 107–108, 

567–568
spinal cord, 44, 102, 107
tumor induction see Radiation-induced 

tumors
vasculopathy, 106–107, 593–594

Radiation myelopathy, 44, 102, 107
early-delayed, 107
gadolinium signal enhancement, 151
late-delayed, 107

Radiation necrosis, 103–104
magnetic resonance imaging, 518
magnetic resonance spectroscopy, 260–262, 

336, 518
perfusion magnetic resonance imaging, 

272–273, 336
positron emission tomography, 282, 283, 

516
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single photon emission computerized 
tomography, 280

tumor recurrence differentiation, 260–262, 
272–273, 282, 283, 518

Radiation therapy, 192, 193
central neurocytoma, 437
chondrosarcoma, 466
chordoma, 463–464
complications see Radiation injury
craniopharyngioma, 385
epidural spinal cord compression, 56
gangioglioma/gangliocytoma, 439
germinoma, 424
glioma, 507
hypofractionated, 193
lymphoma, 426, 593
metastatic brain tumors, 24–25
metastatic spinal cord tumors, 52, 537
neoplastic meningitis, 61, 63
pilocytic astrocytoma, 381
pineal region germinoma, 457
planning

computerized tomography, 122
magnetic resonance imaging, 258, 260
magnetic resonance spectroscopy, 258

plexopathy, 96, 97
primary brain tumors, 15–16
primary spinal cord tumors, 43–44
thalamic tumors, 419
treatment response evaluation, 507

diffusion tensor imaging, 231–232
magnetic resonance spectroscopy, 260

vascular disorders, 69–70
see also Radiosurgery

Radiation-induced tumors, 105–106
gliosarcoma, 337
meningioma, 393

Radiation-induced vascular malformations, 
106, 594

Radiation-induced vasculopathy, 106–107, 
593–594

Radiofrequency
high fi eld magnetic resonance imaging, 

165–166
penetration, 164–165
specifi c absorption rate, 164

ultra-high fi eld magnetic resonance 
imaging, 294, 295

Radiofrequency coil design, 165
Radiofrequency magnetic fi eld, 129
Radiofrequency pulse energy, 160–161
Radionuclide studies

epidural spinal cord compression, 
541–542

leptomeningeal metastases, 530–534
neoplastic meningitis, 60

Radiopharmaceuticals, 279–280
Radiosurgery, 15, 192–208

acoustic schwannoma, 201–202, 416
central neurocytoma, 437
chordoma, 464
clinical effi cacy, 199–205
computerized tomography, 205–206, 

207
contrast enhanced imaging, 207
craniopharyngioma, 385

CyberKnife, 44, 196
defi nition, 193
diffusion-weighted imaging, 208
Gamma Knife, 195, 196, 464
glioma, 204–205

high-grade, 205
low-grade, 204–205

linear accelerator, 195, 196
magnetic resonance imaging, 206–207
magnetic resonance spectroscopy, 

207–208
meningioma, 200–201
metastatic brain tumors, 24–25
metastatic intramedullary spinal tumors, 

52
neuroimaging, 205–208

data integration, 207
perfusion magnetic resonance imaging, 

208
photon, 195–196
pituitary adenoma, 202–204

adrenocorticotropic hormone-secreting, 
203–204

growth hormone-secreting, 203
non-secreting, 204
prolactinoma, 202–203

principles, 193–195
cranial nerve proximity, 194
regional cerebral anatomy, 194–195
size of lesion, 193

proton, 195–196
delivery systems, 196–199

radiation dose, 193
tumor induction, 205

Raf, 20, 26
RARE, 162
Ras, 17, 20, 26, 46, 98
Rathke cleft cyst, 385–386, 476

computerized tomography, 386
magnetic resonance imaging, 386

Relative/regional cerebral blood fl ow see 
Cerebral blood fl ow

Relative/regional cerebral blood volume see 
Cerebral blood volume

Renal cell cancer
brain metastases, 6, 21, 22, 23, 485

intracranial hemorrhage, 69, 72
intratumoral hemorrhage, 590

intramedullary spinal metastases, 34, 52
Renal function impairment

gadolinium contrast agents, 150
X-ray contrast agents, 126

Renal osteoarthropathy, 550
Response Evaluation Criteria in Solid Tumors 

(RECIST), 510
Retinal telangiectasia, radiation-induced, 

106
Retinoblastoma gene, 17, 46
Reversible posterior leukoencephalopathy 

syndrome, 108, 111
Rhabdomyosarcoma, 400, 480, 481

skull base, 466
Rhomboencephalitis, subacute radiation-

induced, 103
Rickham style reservoir, 61
Rituximab, 16, 26

Romberg sign, 87
Rosenthal fi bers, 39, 41, 346, 348
RTOG 93-05, 205
RTOG 95-08, 199

Sarcoidosis (neurosarcoidosis), 500
brain tumor differentiation, 515, 517
diffusion-weighted imaging, 515
hypothalamic lesions, 431
pituitary stalk lesions, 387, 479

Sarcoma
basal ganglion metastatic tumors, 427
malignant peripheral nerve sheath tumors, 

583
meningeal tumors, 400
plexopathy, 93
radiation-induced, 105, 106
spinal cord, 31, 33
thalamic metastatic tumors, 427

Schwann cells, 409, 571
Schwannoma, 90, 408–416

ancient, 572, 573
Antoni A type, 36, 37, 409, 571, 574
Antoni B type, 36, 37, 409, 571
computerized tomography, 411, 553, 573
differential diagnosis, 414
epidural spinal cord compression, 553
giant, 412
imaging, 410–413
intratumoral hemorrhage, 590
magnetic resonance imaging, 383, 410, 411, 

553, 571, 574
malignant, 410

see also Peripheral nerve sheath tumors, 
malignant

meningioma differentiation, 414
pathology, 36–37, 409–410
peripheral, 571–572
plexopathy, 92, 94, 96, 566
sellar/juxtasellar region, 382–383
spinal cord, 31, 32, 36–37, 42
surgical therapy, 15, 42
ultrasound, 572

Schwannomatosis, 415
Seizures

astrocytoma
anaplastic, 326
desmoplastic infantile, 440

cerebral venous thrombosis, 588
chemotherapy-induced, 108, 109
desmoplastic infantile ganglioglioma, 440
dysembryoplastic neuroepithelial tumor, 

472
ganglioglioma/gangliocytoma, 437
glioblastoma multiforme, 326
gliomas, 325, 505, 506
hemorrhagic stroke, 590
lymphoma, 371
oligodendroglioma, 355, 505
pineal region tumors, 450
vasculitis, primary central nervous system, 

501
Sella turcica, 375
Sellar region

anatomy, 375
imaging, 375–376
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Sellar region tumors, 375–388
inferior petrosal/cavernous sinus venous 

sampling, 376
mixed solid/cystic, 383–387
pediatric, 476–480
solid lesions, 376–383
surgical treatment, internal carotid artery 

injury, 79
vessel compression, 79

SENSE (sensitivity encoding) imaging, 165
Sensory ganglionopathy, paraneoplastic, 87
Sensory neuronopathy, paraneoplastic, 87
Sensory stimulation, functional magnetic 

resonance imaging, 249–251
Serial monitoring of treatment response, 

magnetic resonance spectroscopy, 260
Sexual dysfunction, radiation-induced, 107
Shaded surface display (SSD), 76
SHU 555 C, 320
Single photon emission computerized 

tomography, 278, 279–280, 288
central neurocytoma, 437
dysembryoplastic neuroepithelial tumor, 

442
dysplastic cerebellar gangliocytoma, 443
epidural spinal cord compression, 542
ganglioglioma, 439
glioma grading, 341, 343
image reconstruction, 288, 289–290
instrumentation

Anger camera, 289
collimator, 289

lymphoma, 366, 367, 501
metastatic brain tumors, 489–490
pediatric brain tumors, 469
principle, 288
radiation necrosis, 103, 104
radiopharmaceuticals, 279

labeled amino acids, 280
labeled cations, 279–280

regional cerebral blood fl ow, 279
small animal brain tumors (microSPECT), 

312
tumor recurrence, 187

Sjogren’s syndrome, 364
Skull base tumors, 460–466
Small particle iron oxide (SPIO) contrast 

agents, 320
Smart probes (monocrystaline iron-oxide 

nanoparticle endocytosis), 512–513
SMASH, 165
Sodium amytal, 183, 251
Soft tissue sarcoma metastases, 6
Somnolence syndrome, radiation-induced, 

103
Specifi c absorption rate, 164
Spin echo, 134, 160

dynamic susceptibility contrast imaging, 
268

Spinal cord compression see Epidural spinal 
cord compression

Spinal cord infarction, 80–81
Spinal cord radiation injury, 102, 107
Spinal cord tumors

anatomic distribution, 31
chemotherapy, 44–45

epidemiology, 31–34
epidural compression see Epidural spinal 

cord compression
gangliocytoma, 439
ganglioglioma, 439
lymphoma, 371
molecular/‘targeted’ treatment, 45–46
radiation therapy, 43–44
surgical therapy, 41–43
see also Metastatic spinal cord tumors; 

Primary spinal cord tumors
Spinal infection, 549
Spoiled gradient echo, 174, 175, 266, 360
Squamous-papillary craniopharyngioma, 

384, 385
Src, 20
Stable disease, 507, 510
STAR (stereotactic alignment radiosurgery) 

device, 197, 198
STEAM, 138
Stereotactic radiosurgery see Radiosurgery
STIR, 132

epidural lipomatosis, 552
epidural spinal cord compression, 547
plexopathy, 564
plexus imaging, 564

Stroke see Cerebral infarction
Sturge-Weber syndrome, 515
Subarachnoid hemorrhage, 68, 591

preoperative polyvinyl alcohol particle 
embolization, 595

subacute, 515
Subdural hematoma, 551
Subdural hemorrhage, 68, 72, 591

diagnosis, 72
tumor-related, 72–73

Subependymal giant cell astrocytoma, 11, 
204, 341, 350–351

computerized tomography, 350–351
magnetic resonance imaging, 351

Subependymal giant cell tumor, 431
Subfalcine herniation, 78
Superconducting quantum interference 

devices, 183
Superfi cial siderosis, 591
Superior cerebellar artery compression, 78
Superparamagnetic iron oxide contrast 

agents, 316, 320
Supplementary motor area syndrome, 186, 

187
Supportive care, neoplastic meningitis, 64
Surgical therapy

acoustic schwannoma, 415
central neurocytoma, 437
cerebellar liponeurocytoma, 444
chondrosarcoma, 466
chordoma, 463
craniopharyngioma, 385
desmoplastic infantile astrocytoma, 440
desmoplastic infantile ganglioglioma, 440
dysembryoplastic neuroepithelial tumor, 

442
dysplastic cerebellar gangliocytoma, 443
epidural spinal cord compression, 56
gangioglioma/gangliocytoma, 439
image-guided, 171

see also Intraoperative magnetic 
resonance imaging

intramedullary spinal cord metastases, 
51–52

meningioma, 393
neoplastic meningitis, 61
pilocytic astrocytoma, 381
pineoblastoma/pineocytoma, 458
plexopathy, 96, 97
primary brain tumors, 15
primary spinal cord tumors, 41–43

pediatric patients, 43
treatment planning see Neurosurgical 

treatment planning
Syncope, chemotherapy-induced, 109
Syphilis, 515, 517
Systemic lupus erythematosus, 364

T-cell lymphoma, 371
T1 relaxation, 129
T1-weighted images, 130–131, 304

dynamic contrast enhanced imaging, 264
epidural spinal cord compression, 543–544
gadolinium contrast effects, 151
permeability imaging, 144–145

clinical applications, 145
T2 relaxation, 129
T2-weighted images, 131, 151, 304

dynamic susceptibility contrast imaging, 
264

epidural spinal cord compression, 543
see also Diffusion-weighted imaging

T2* relaxation, 129–130
T2*-weighted images

dynamic susceptibility contrast imaging, 
264, 267, 268

melanoma metastases imaging, 487
ultra-high fi eld magnetic resonance 

imaging, 296
Tamoxifen, 45, 69
Taurine, magnetic resonance spectroscopy, 

473
Taxanes, complications, 110
99mTc ECD single photon emission 

computerized tomography, 279
dysplastic cerebellar gangliocytoma, 443

99mTc HMPAO single photon emission 
computerized tomography, 279

dysembryoplastic neuroepithelial tumor, 
442

glioma grading, 343
99mTc macroaggregated albumin, 

leptomeningeal metastases 
radionuclide ventriculography, 533

99mTc MIBI single photon emission 
computerized tomography, 279, 280

metastatic brain tumors, 490
99mTc NC100692, micro single photon 

emission computerized tomography, 
312

99mTc tetrofosmin, single photon emission 
computerized tomography, 279

TE (echo time), 130
Temozolomide, 16, 26, 45, 64, 512
Teratoma

pineal region, 449, 451, 457
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sellar/suprasellar region, 381, 388, 479
spinal cord, 33

surgical therapy, 42, 43
Testicular cancer

metastases, 6
paraneoplastic neurological disorders, 86, 

87
plexopathy, 93

Thalamic tumors, 419–427
atypical rhabdoid-teratoid, 425
computerized tomography, 419, 420, 424, 

425, 426
ganglion cell, 423
germ cell, 424–425
glioma, 419–423

bilateral, 421–423
lymphoma, 425–427
magnetic resonance imaging, 410, 419, 420, 

424, 425, 426
magnetic resonance spectroscopy, 421, 423, 

425, 426
metastatic, 427
primitive neuroectodermal, 425
treatment, 419

Thalidomide, 464, 512
Thallium-201 single photon emission 

computerized tomography, 279–280
central neurocytoma, 437
glioma grading, 343
lymphoma, 366, 367
metastatic brain tumors, 489–490

Thermal ablations, magnetic resonance 
imaging guidance, 177

Thio-TEPA, 63, 64, 533
Thrombolysis, cerebral infarction, 74, 76, 78
Thymoma, paraneoplastic neurological 

disorders, 85, 86, 87, 88
Thyroid cancer

brain metastases, 6, 485
intracranial hemorrhage, 69, 72
intratumoral hemorrhage, 590

intramedullary spinal cord metastases, 34
plexopathy, 93

Thyroid-stimulating hormone-secreting 
pituitary adenoma, 376

Time to progression, 507
Tinel’s sign, 93, 95, 571, 578
Tolossa-Hunt syndrome, 501
Topotecan, 26, 64
Toxoplasmosis, 367, 427, 501, 515, 518
TR (repetition time), 130
Tractography

3D, 174
diffusion-tensor imaging, 138, 174

intraoperative, 174
Transcranial magnetic stimulation, 248

language lateralization, 185
neurosurgical treatment planning, 184

motor mapping, 184
Transforming growth factors, 21, 51
Transient cognitive dysfunction, radiation-

induced, 103
Transverse electromagnetic resonators, 165

ultra-high fi eld magnetic resonance 
imaging, 294

Trastuzumab, 26

Traumatic neuroma, 578–579
computerized tomography, 579
magnetic resonance imaging, 579
ultrasound, 579

Treatment response evaluation, 504–513
baseline studies, 508, 510
central review, 508
computer-assisted volumetric methods, 

508, 511
diameter-based methods, 508, 509–510

comparative aspects, 511
diffusion tensor imaging, 512
diffusion-weighted imaging, 512
dynamic vascular imaging, 230–232, 512
18F FDG-positron emission tomography, 

282–283
glioblastoma multiforme, 336
magnetic resonance spectroscopy, 260, 

336, 512
molecular imaging, 512–513
perfusion magnetic resonance imaging, 

272, 336
response criteria, 509–510
technical aspects, 508–511

Triiodinated X-ray contrast agents, 124
Trousseau’s syndrome, 587
TSC1, 471
TSC2, 471
Tuberculosis, 501

epidural space involvement, 550
extra-axial brain tumor differentiation, 

515
pituitary stalk lesions, 387

Tuberin, 471
Tuberous sclerosis, 3

subependymal giant cell tumors, 350, 351, 
471

Tumor margins
glioblastoma multiforme, 329–330, 331
magnetic resonance spectroscopy, 

257–258
perfusion magnetic resonance imaging, 

272
ultra-high fi eld magnetic resonance 

imaging, 295, 296
Tumor markers, pineal region tumors, 457
Tumor size, radiosurgery principles, 193
Tumor suppressor genes, 17, 46
Turcot’s syndrome, 4

Ultra-small particle iron oxide (USPIO) 
contrast agents, 163, 299, 300, 320

cellular imaging, 300
microglial uptake/imaging, 300

Ultrasound
ablation procedures, high fi eld 

intraoperative magnetic resonance 
imaging, 172

desmoplastic infantile ganglioglioma, 439, 
440

Morton’s neuroma, 580–581
nerve sheath ganglion, 580
neural fi brolipoma, 578
peripheral nerve sheath tumors, 572
plexopathy, 561
traumatic neuroma, 579

Uterine cancer metastases, 22, 485

Vascular architecture, dynamic susceptibility 
contrast imaging, 272

Vascular disorders
chemotherapy-induced, 108, 109
epidemiology, 68–70
radiation-induced, 106–107, 593–594
see also Cerebrovascular complications

Vascular endothelial growth factor, 21, 51, 
69, 72

Vascular endothelial growth factor receptor, 
51

Vascular malformation, radiation-induced, 
106, 194, 594

spinal cord, 107
Vasculitis, primary central nervous system, 

501
Venous angioma, plexopathy, 94
Venous thrombosis, 587–588
Ventriculoperitoneal shunt, neoplastic 

meningitis, 61
Vertebral body metastases, 538, 539
Vestibular schwannoma see Acoustic 

schwannoma
Vincristine, 16, 45, 507

complications, 110
Viral infection, 4
Visual disturbance

central neurocytoma, 435
chemotherapy-induced, 108, 109
chondrosarcoma, 466
chordoma, 460
craniopharyngioma, 477
dysplastic cerebellar gangliocytoma, 442
glioma, 325, 477
hypothalamic/optic chiasma tumors, 427, 

428, 477
pineal region tumors, 450

Visual pathway, neurosurgical treatment 
planning, 186

Volume rendering, 76
Von-Hippel-Lindau syndrome, 33, 43

Wada test
language lateralization, 184, 185, 251
memory lateralization, 186
neurosurgical treatment planning, 

183–184
Weakness

epidural spinal cord compression, 54
neoplastic meningitis, 58
peripheral sensorimotor neuropathy, 87

White matter tracts, 226–228
diffusion imaging, 239

radiosurgery, 208
diffusion tensor imaging, 182–183, 217, 

226–228, 243–245
glioblastoma multiforme, 187, 331
glioma grading, 342
intraoperative, 174, 187–188
neurosurgical planning, 187, 228–229
oligodendroglioma, 360–361
post-treatment evaluation, 231–232

intraoperative electrical stimulation, 182
tumor infi ltration evaluation, 244
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WHO classifi cation of nervous system 
tumors, 9, 36, 278

peripheral nerve tumors, 90
Wilms tumor, thalamic/basal ganglion 

metastases, 427
Wilson’s disease, 150

Windowing, computerized tomography 
image reconstruction, 122–123

Wiskott-Aldrich syndrome, 364

X-ray contrast agents, 124
pregnant/breast-feeding patients, 126

X-rays, 195
Xanthogranuloma, sellar/juxtasellar region, 388

Yolk sac tumor
pineal region, 449, 451
thalamus/basal ganglia, 425
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