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     Abstract  

  The variety of brain tumors with different histology, 
localization, age distribution, and prognosis might be 
confusing. The WHO Classifi cation of Tumours of the 
Central Nervous system (2007) includes more than 100 
different entities (Louis et al. 2007). The comparison of 
primary brain and CNS tumors by site and by histology 
facilitates a fi rst insight (Ostrom et al. 2014). Moreover, 
this refl ects the incidence rates of specifi c brain tumors. 
Besides metastatic tumors of the CNS, meningeal 
tumors and glioma account for more than 60 % of all 
primary brain tumors. Regarding malignant tumors, gli-
omas even represent 80 % of all primary brain tumors. 
From 45 years of age and older, meningioma is the most 
frequent and glioblastoma the second most frequent 
brain tumor. In children and adolescents, pilocytic astro-
cytoma and embryonal tumors are more relevant (Ostrom 
et al. 2014).     

1      Introduction 

1.1     Overview 

 The variety of brain tumors with different histology, 
 localization, age distribution, and prognosis might be confus-
ing. The WHO Classifi cation of Tumours of the Central 
Nervous system (2007) includes more than 100 different enti-
ties (Louis et al.  2007 ). The comparison of primary brain and 
CNS tumors by site and by histology facilitates a fi rst insight 
(Ostrom et al.  2014 ). Moreover, this refl ects the incidence rates 
of specifi c brain tumors. Besides metastatic tumors of the CNS, 
meningeal tumors and glioma account for more than 60 % of 
all primary brain tumors. Regarding malignant tumors, gliomas 
even represent 80 % of all primary brain tumors. From 45 years 
of age and older, meningioma is the most frequent and glio-
blastoma the second most frequent brain tumor. In children and 
adolescents, pilocytic astrocytoma and embryonal tumors are 
more relevant (Ostrom et al.  2014 ). 
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 Taken together, this illustrates that gliomas besides brain 
metastases are the most challenging entities in adult 
neurooncology. 

 Another important point is the differentiation of extra- 
and intracerebral localization of brain tumors. This usually 
allows an early distinction between meningiomas and glio-
mas or brain metastasis. As the clinical management differs 
substantially, this radiological differentiation is important. 
Small meningiomas in uncomplicated locations might not 
need an early histological diagnosis and can be followed by 
MRI scans. On the other hand, gliomas or brain metastasis 
usually need an immediate histological diagnosis. Further, 
the early radiological differentiation between gliomas, 
metastasis, and lymphomas is equally essential as the clini-
cal management differs. For primary CNS lymphomas, ste-
roids should be avoided before histological diagnostics and 
have traditionally been preferred over resection (Weller et al. 
 2012a ). If brain metastases are suspected, systemic diagnos-
tics are essential, and brain surgery may not always be 
necessary. 

 The current WHO classifi cation from 2007 tries to  indicate 
the prognosis of primary brain tumors by grading tumors 
from I° (benign) to IV° (malignant) primarily based on 
 morphology (Louis et al.  2007 ). However, it is clear that the 
progress in molecular analyses will profoundly alter and 
refi ne this classifi cation. In the future, prognostic and predic-
tive markers and profi les will have practical importance for 
the vast majority of patients. Accordingly, a number of estab-
lished molecular markers will be integrated in the upcoming 
WHO classifi cation (Louis et al.  2014 ; Weller et al.  2012b , 
 2013 ; Wick et al.  2014 ). 

 In this chapter, we will focus on glioma, lymphoma, and 
brain metastasis.   

2     Clinical Management 

 As the location of brain tumors is variable, the clinical pre-
sentation can be heterogeneous. Neurological or neuropsy-
chological defi cits, epileptic seizures, and symptoms of 
increased intracranial pressure are guiding symptoms. 
Symptomatic treatment includes, but is not limited to, anti-
convulsive drugs for symptomatic epilepsy and dexametha-
sone for the treatment of symptomatic peritumoral edema 
(Soffi etti et al.  2010 ; Weller et al.  2012c ,  2014 ). 

 After medical history taking and the neurological exami-
nation, MRI of the brain with contrast-enhancing agent is the 
most important diagnostic procedure. Lumbar puncture to 
allow the evaluation of the cerebrospinal fl uid (CSF) can be 
helpful in primary CNS lymphoma where tumor cells or 
tumor-specifi c molecular alterations can be detected in CSF 
or in germ cell tumors where elevated amounts of AFP or 
β-HCG can be found. In almost all other cases, the diagnosis 

should be confi rmed via a stereotactic biopsy or, when 
appropriate, via resection. Despite all innovative imaging, 
the procurement of tumor tissue has gained particular rele-
vance in the era of molecular diagnostic (Weller et al.  2014 ). 

 Nonetheless, innovative imaging has gained a lot of atten-
tion in the last decade. Before confi rmation of the diagnosis 
via tissue analysis, MR spectroscopy, MR perfusion, and 
positron emission tomography (PET) imaging can be helpful 
for specifi c topics (Suchorska et al.  2014 ,  2015 ). Spectroscopy 
and perfusion can be helpful to distinguish between neoplas-
tic lesions and other possible diagnoses. Some of the most 
important differential diagnoses are infectious or infl amma-
tory causes and postischemic lesions. Moreover, metabolic 
imaging might show “hot spots” inside a tumor mass that can 
be targeted by stereotactic biopsy, thereby increasing the 
chance to get the most accurate diagnosis (Hermann et al. 
 2008 ). PET imaging using amino acid tracers also supports 
the diagnostic workup or can guide stereotactic biopsy to hot 
spots. 

 After the diagnosis has been confi rmed pathologically, 
these innovative imaging modalities can be even more valu-
able. In particular, they may be useful for planning of radio-
therapy (Revannasiddaiah et al.  2014 ). The irradiated fi eld 
can be tailored to include areas with elevated PET tracer 
uptake, and radiation dose may be increased at hot spots seen 
on MR spectroscopy/perfusion or on amino acid PET. 

 Even more established in clinical practice is the use of 
innovative imaging for the monitoring during therapy and 
follow-up. MRI and PET can both be useful to distinguish 
between progressive tumor and pseudoprogression (Hutterer 
et al.  2014 ). 

 Functional MRI and fi ber tracking using diffusion tensor 
imaging (DTI) might help to identify eloquent areas and 
improve results of surgery. Intraoperative brain mapping and 
awake surgery can be of further benefi t. This may help to 
increase the extent of resection and improve progression-free 
survival (PFS) and overall survival (OS) while reducing peri-
operative morbidity.  

3     Glial Tumors 

3.1     Focal Glial and Glioneuronal Tumors 
Versus Diffuse Gliomas 

 Compared to focal glial tumors like pilocytic astrocytomas 
of the WHO grade I, grade II gliomas show diffuse infi ltra-
tive growth patterns and a propensity to evolve into grade III 
or grade IV gliomas. Therefore, and in contrast to pilocytic 
astrocytomas, a surgical cure is not possible in these (Louis 
et al.  2007 ). 

 Like pilocytic astrocytomas, glioneuronal tumors like dys-
embryoplastic neuroepithelial tumors (DNET) or  ganglioglioma 
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show a benign course. If clinically necessary, these glioneuro-
nal tumors can usually be resected completely.  

3.2     Low-Grade Versus High-Grade Gliomas 

 Neuropathological analyses of diffuse astrocytomas (WHO 
grade II) reveal well-differentiated fi brillary or gemistocytic neo-
plastic astrocytes on a loosely structured and often microcystic 
tumor matrix. Cellularity is only moderately increased. There is 
no mitotic activity, and proliferation rate determined by Ki-67/
MIB-1 labeling index is usually below 4 % (Louis et al.  2007 ). 

 Histopathology of anaplastic astrocytomas shows the 
same features as those for diffuse astrocytoma. In addition, 
anaplastic astrocytoma shows increased cellularity, distinct 
nuclear atypia, and mitotic activity. Proliferation rate ranges 
from 5 to 10 %, but might overlap with low-grade gliomas 
and glioblastomas. Microvascular proliferation and necrosis 
are still absent (Louis et al.  2007 ). 

 Glioblastomas show a remarkable regional heterogeneity 
with anaplastic, poorly differentiated pleomorphic astrocytic 
tumor cells. Nuclear atypia is common, and mitotic activity 
is high. Proliferation rates range between 10 and 20 %, again 
with high regional heterogeneity. Microvascular prolifera-
tion and/or necrosis is essential for the diagnosis of glioblas-
toma (Louis et al.  2007 ). 

 Regarding prognosis, the WHO classifi cation has obvious 
limitations. First, oligodendroglial tumors, anaplastic or not, 
have a similar clinical course that is superior to that of astro-
cytoma of the corresponding WHO grade. Molecular mark-
ers like 1p/19q deletions, IDH1/2 mutations, and MGMT 
promotor methylation are of prognostic value as they defi ne 
subgroups of favorable survival. In addition, they are of 
 predictive value and necessary for therapy decisions. It is 
now clear that true oligodendroglial tumors are characterized 
by 1p/19q codeletions and uniformly carry IDH1/2 muta-
tions (Weller et al.  2012b ,  2013 ; Reuss et al.  2015 ). 

 Moreover, anaplastic gliomas with favorable clinical and 
molecular markers can show superior survival compared to 
low-grade gliomas with unfavorable markers. On the other 
hand, anaplastic glioma with unfavorable constellation can 
have a prognosis inferior to that of patients with glioblastoma 
and favorable markers. This elucidates that molecular markers 
should be incorporated into an upcoming WHO classifi cation 
(Louis et al.  2014 ; Reuss et al.  2015 ; Hartmann et al.  2010 ).  

3.3     Astrocytomas Versus Oligodendroglial 
Tumors 

 In contrast to astrocytomas (see above), oligodendroglial 
tumor cells are monomorphic cells that show uniform round 
nuclei and perinuclear halos on paraffi n sections 

 (“honeycomb”). Microcalcifi cations, mucoid/cystic degen-
erations, and a dense network of branching capillaries 
(chicken wire) are frequently observed. Again, the presence 
of microvascular proliferation or necrosis is not compatible 
with the diagnosis of a low-grade glioma (Louis et al.  2007 ). 

 Compared to the corresponding low-grade gliomas, 
mitotic activity, microvascular proliferation, and areas of 
necrosis are frequent in anaplastic oligodendroglial tumors. 
A diagnosis of so-called mixed oligoastrocytoma has been 
established for tumors with both morphological features of 
oligodendroglioma and astrocytoma (Louis et al.  2007 ). 
However, the defi nition of oligoastrocytoma, low grade or 
anaplastic, is under heavy debate, and molecular markers 
are likely to lead to the omission of this diagnosis (Louis 
et al.  2007 ). 

 The mentioned calcifi cations in histology of oligoden-
droglial tumors are relevant for clinical management as they 
often can be detected on CT and MRI scans. 

 As shown by the NOA-04 trial, anaplastic oligodendro-
glioma and anaplastic oligoastrocytoma display a favorable 
outcome compared to anaplastic astrocytoma (Wick et al. 
 2009 ). This is also true for low-grade gliomas. As response 
rates to radiotherapy or chemotherapy in oligodendroglial 
tumors are higher than in astrocytic tumors, the avoidance of 
perioperative morbidity has even higher importance.  

3.4     Low-Grade Glioma (WHO Grade II) 

 The absence of neurological symptoms and the presence of 
younger age or oligodendroglial histology are favorable clin-
ical prognostic factors (Pignatti et al.  2002 ). However, even 
when short-term MRI scans (e.g., 3 months) suggest stable 
tumor size, all low-grade gliomas constantly grow in the 
long run (Mandonnet et al.  2003 ). Consequently, adjuvant 
treatment will be necessary at a certain time point in the 
course of the disease for all patients. Resection improves sei-
zure control and may reduce the risk of malignant transfor-
mation (Soffi etti et al.  2010 ). 

3.4.1     Diffuse Astrocytoma (WHO Grade II) 
 After gross total resection, adjuvant treatment can be post-
poned at least in patients younger than 40 years of age with 
no neurological symptoms and a favorable location of the 
tumor (Pignatti et al.  2002 ). Regarding all other patients, 
there is an ongoing debate on which patients to treat and on 
the best time point of treatment. Radiotherapy prolongs PFS 
but not OS (van den Bent et al.  2005 ). Therefore, the EORTC 
defi ned fi ve prognostic factors useful to identify low-risk and 
high-risk patients, the latter being treated with early radio-
therapy (Pignatti et al.  2002 ). Prognostic favorable factors 
are age < 40 years, largest tumor diameter < 6 cm, tumor not 
crossing the midline, oligodendroglial or oligoastrocytic 
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 histology, and absence of a neurological defi cit. Patients with 
two or fewer unfavorable factors are low-risk patients where 
therapy might be postponed unless their tumor is located in 
eloquent brain areas or patients suffer from untreatable epi-
lepsy. Patients with three or more risk factors have dismal 
prognosis and might be treated immediately unless gross 
total resection was possible. In these cases, therapy might 
still be postponed. Chemotherapy also has activity in diffuse 
astrocytoma (Pace et al.  2003 ; Quinn et al.  2003 ; Brada et al. 
 2003 ). It is well established for patients who progressed after 
initial radiotherapy and can be an alternative as initial treat-
ment in some patients. PCV (procarbazine, CCNU, and vin-
cristine) and temozolomide seem to be comparable regarding 
effi cacy with a better toxicity profi le for temozolomide. 

 Recently, the updated results of the RTOG 9802 trial have 
been presented, although not published in detail yet (Shaw 
et al.  2012 ). This trial compared 54 Gy of radiotherapy with 
54 Gy of radiotherapy followed by adjuvant chemotherapy 
with six cycles of PCV. In this regimen, procarbazine, 
CCNU, and vincristine are combined to a 6-week cycle. This 
trial included high-risk patients with low-grade glioma > 40 
years of age and/or less than total resection. Median OS 
increased from 7.8 to 13.3 years in the combination therapy 
group although, interestingly, 77 % of the patients that pro-
gressed after radiotherapy had received salvage chemother-
apy. A detailed analysis on histology subtypes and especially 
on molecular markers is lacking. 

 Whether these rather low-threshold criteria to defi ne high-
risk patients will translate to everyday practice is under debate. 
Further, it remains unanswered whether PCV alone would be 
equivalent and whether temozolomide could safely replace 
PCV in combination with radiotherapy. Therefore, many cen-
ters recommend the combination of radiotherapy and PCV.  

3.4.2     Oligodendroglioma 
and Oligoastrocytoma (WHO Grade II) 

 After resection or diagnostic biopsy, the considerations for 
adjuvant treatment are similar to those for astrocytomas. The 
prognostic factors defi ned by the EORTC and mentioned 
above also apply to oligodendroglioma and oligoastrocy-
toma. As oligodendroglial tumors more often respond to 
chemotherapy, this is a more common choice for initial treat-
ment in many centers (van den Bent et al.  1998 ,  2003 ). 
Nonetheless, the emerging standard of care is radiotherapy 
followed by chemotherapy with PCV according to the RTOG 
9802 trial (Shaw et al.  2012 ).   

3.5     Anaplastic Glioma (WHO Grade III) 

 In contrast to low-grade gliomas, adjuvant treatment is man-
datory for patients with anaplastic glioma. The limitations of 
the current WHO classifi cation are obvious in these tumors 

as mentioned above. Molecular markers have already entered 
diagnostic workup and therapeutic decision making (Weller 
et al.  2014 ). 

3.5.1     Anaplastic Astrocytoma (WHO Grade III) 
 For adjuvant treatment, radiotherapy (60 Gy) was tradition-
ally applied. According to the results of the NOA-04 trial, 
primary chemotherapy with temozolomide or with PCV 
seems to be equivalent regarding PFS and OS (Wick et al. 
 2009 ). Many brain tumor centers treat patients with anaplas-
tic astrocytomas with radiochemotherapy according to the 
EORTC NCIC protocol with concomitant temozolomide and 
six cycles of adjuvant temozolomide. While reasonable, the 
evidence for this approach is limited and might be provided 
by the CATNON trial (EORTC 26053–22054). In this ongo-
ing trial, the addition of temozolomide to fi rst-line radiother-
apy of anaplastic gliomas without 1p/19q deletion (mostly 
anaplastic astrocytoma) will be evaluated. In a 2 × 2 design, 
this study compares radiotherapy alone with radiotherapy 
plus concomitant temozolomide, radiotherapy plus adjuvant 
temozolomide, and radiotherapy plus concomitant and adju-
vant temozolomide. 

 In the recurrent situation, treatment is less fi rmly estab-
lished, and randomized controlled trials are rare. Second 
surgery might be an option if possible. Further treatment 
will depend on fi rst-line treatment. Patients that progress 
after radiotherapy will be treated with either temozolomide 
chemotherapy or nitrosourea-based chemotherapy. If fi rst-
line treatment consisted of chemotherapy, radiotherapy is 
an option. Depending on availability, bevacizumab is often 
applied at progression after radiotherapy and alkylating 
chemotherapy, with modest PFS rates at 6 months (Weller 
et al.  2014 ).  

3.5.2     Anaplastic Oligodendroglioma 
and Oligoastrocytoma 

 Radiotherapy has long been the standard of care in anaplastic 
oligodendroglioma and anaplastic oligoastrocytoma. 
However, these tumors not just frequently respond to radio-
therapy, but also to chemotherapy. Especially in tumors with 
loss of 1p and 19q (LOH 1p/19q), PCV chemotherapy shows 
response rates of up to 100 % (Cairncross et al.  1994 ; 
Buckner et al.  2003 ). The NOA-04 trial showed that radio-
therapy, PCV chemotherapy, and temozolomide are compa-
rable in fi rst-line treatment (Wick et al.  2009 ). Therefore, 
many centers recommended temozolomide as fi rst-line ther-
apy in the past, as it shows a superior tolerability profi le 
compared to PCV. The sequence of therapeutic options (RT, 
PCV, TMZ) was the main focus in this trial. 

 In 2013, the long-term results of two large randomized 
controlled trials were published. Both the RTOG 9402 and 
the EORTC 26951 trial evaluated the combination of radio-
therapy and PCV chemotherapy compared to radiotherapy 
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alone in patients with anaplastic oligodendroglioma or oli-
goastrocytoma (Cairncross et al.  2006 ; van den Bent et al. 
 2006 ). Only after a follow-up of 6 years it became obvious 
that patients with LOH 1p/19q showed a dramatic benefi t in 
OS when treated with radiotherapy and PCV (Cairncross 
et al.  2013 ; van den Bent et al.  2013 ). Hence, the 1p/19q sta-
tus is not just prognostic but also predictive, requiring the 
testing for this marker before treatment planning. As for low- 
grade glioma, it remains unclear whether PCV alone would 
achieve similar results and whether temozolomide could 
safely replace PCV.  

3.5.3     Gliomatosis Cerebri 
 Gliomatosis cerebri is a rare and controversial diagnosis and 
might be revised in future WHO classifi cations. This tumor 
cannot be defi ned by the neuropathologist alone. The diag-
nosis requires a combination of glioma histology and the 
radiological involvement of at least three cerebral lobes 
(Louis et al.  2007 ). 

 As this entity is the prototype of an infi ltrative tumor, sur-
gical resection is usually no option, and stereotactic biopsy 
leads to the diagnosis. 

 Histological features and prognosis are highly variable 
since any glioma histology together with radiology can lead 
to the diagnosis. Usually, all patients receive treatment after 
diagnosis. 

 Large randomized trials for adjuvant treatment are lack-
ing. Radiotherapy, PCV, and temozolomide are active treat-
ments (Herrlinger  2012 ; Sanson et al.  2004 ). Due to the 
diffuse growth, radiotherapy usually results in whole brain 
radiotherapy and is therefore frequently postponed. Instead, 
chemotherapy is frequently recommended for fi rst-line treat-
ment. The NOA-05 trial is one of the few prospective trials 
on chemotherapy in gliomatosis cerebri (Glas et al.  2011 ). 
Chemotherapy with PC (procarbazine + CCNU) resulted in 
prolonged tumor control in some patients in this trial, and the 
median OS was only 30 months.   

3.6     Glioblastoma (WHO Grade IV) 

 Glioblastoma is the most frequent malignant primary brain 
tumor. Several studies suggest that the extent of resection is 
relevant for prognosis, although class I evidence is still lack-
ing (Sanai et al.  2011 ; Kreth et al.  2013 ). Surgery using 3D 
navigation systems and intraoperative monitoring is standard 
in most centers. With 5-ALA-guided resection and intraop-
erative MRI, two techniques to improve extent of resection 
have been evaluated in a randomized controlled setting 
(Senft et al.  2011 ; Stummer et al.  2006 ). Both studies showed 
an increase of patients with gross total resection and superior 
survival. Awake surgery is done by some centers but cannot 
be regarded as a standard for patients with glioblastoma. 

 The current standard of care was defi ned in 2005 with the 
results of the EORTC 26981–22981 NCIC CE.3 (Stupp et al. 
 2005 ,  2009 ). This trial compared radiotherapy, the former 
standard of care, with radiotherapy plus concomitant and 
adjuvant chemotherapy with temozolomide. Median OS was 
prolonged from 12.1 to 14.6 months. Two-year survival rate 
increased from 10.4 to 26.5 %. In addition, a companion 
paper reported on the predictive value of the MGMT pro-
moter methylation status (Hegi et al.  2005 ). The benefi t of 
the addition of temozolomide was far lower when the MGMT 
promotor was not methylated. Patients with a methylated 
MGMT promotor showed a median OS of 15.3 months when 
they received radiotherapy alone and 21.7 months after com-
bined treatment. Importantly, the majority of patients had 
alkylating agent chemotherapy at progression, diluting the 
survival benefi t afforded by temozolomide in the experimen-
tal arm. When the MGMT promotor was unmethylated, 
median OS reached 11.8 and 12.7 months for radiotherapy 
alone and combined treatment, respectively. This benefi t in 
patients with unmethylated MGMT promotor was small but 
still signifi cant. Therefore, and because of missing alterna-
tives as well as a certain amount of uncertainty regarding the 
procedures for testing the MGMT promotor, most patients 
are treated with a combined radiochemotherapy irrespective 
of the MGMT promotor status (Weller et al.  2014 ). 

 In elderly patients with glioblastoma, the MGMT status is 
more relevant. The NOA-08 trial randomized patients older 
than 65 years between radiotherapy alone and temozolomide 
alone (Wick et al.  2012 ). For the whole cohort, there was no 
signifi cant difference in PFS and OS, suggesting that temo-
zolomide is equally active in these patients. When analyzing 
the subgroups of patients with methylated and unmethylated 
MGMT promotor, however, signifi cant and clinically relevant 
differences were observed. In patients with methylated MGMT 
promotor temozolomide resulted in an event-free survival 
(EFS) of 8.4 months compared to 4.6 months for radiotherapy. 
In contrast, in patients with unmethylated MGMT promotor, 
temozolomide showed an EFS of 3.3 months and radiotherapy 
of 4.6 months. Similar results were observed in the Nordic trial 
(Malmstrom et al.  2012 ). As a result of these studies, treatment 
planning in older patients depends on MGMT status (Wick 
et al.  2014 ; Weller et al.  2012b ,  2014 ). Patients with methylated 
MGMT promotor should receive temozolomide, either alone 
or in combination with radiotherapy for patients with a good 
clinical status. Radiotherapy alone is not suffi cient for these 
patients. When the MGMT promotor is unmethylated, radio-
therapy is the therapy of choice. Temozolomide seems to have 
no or only minimal effi cacy in these patients. 

 In the recurrent situation, no formal standard is estab-
lished. If possible, second surgery and second radiotherapy 
are regularly applied even if evidence for effi cacy is low 
(Fogh et al.  2010 ; Grosu et al.  2005 ). Regarding chemother-
apy, nitrosourea-based protocols and temozolomide are 
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 frequently used and approved by authorities (Batchelor et al. 
 2013 ; Wick et al.  2010 ; Perry et al.  2010 ; Norden et al.  2013 ). 
The antiangiogenic drug bevacizumab has resulted in unprec-
edented response rates and promising PFS times in patients 
with recurrent glioblastoma in the BRAIN trial (Friedman 
et al.  2009 ). As large randomized and controlled trials are 
missing, the infl uence on OS is unclear. Nonetheless, the 
FDA approved bevacizumab for the treatment of recurrent 
glioblastoma in 2009. The European authorities have refused 
approval in the same year. 

 A small but randomized phase II study (BELOB trial) 
conducted in the Netherlands compared CCNU ( n  = 46) with 
bevacizumab ( n  = 50) and the combination of both ( n  = 52) in 
patient with recurrent glioblastoma (Taal et al.  2014 ). The 
combination of bevacizumab and CCNU resulted in a median 
OS of 12 months whereas CCNU and bevacizumab alone 
only reached 8 months, respectively. A large randomized 
controlled phase III trial comparing CCNU with CCNU plus 
bevacizumab has just fi nished recruitment, and results are 
expected in late 2015. 

 Regarding the use of bevacizumab in fi rst-line treatment, 
two randomized controlled trials showed 4 months benefi t 
for PFS but no benefi t for OS (Chinot et al.  2014 ; Gilbert 
et al.  2014 ). Therefore, bevacizumab has no role in fi rst-line 
therapy. 

 As antiangiogenic agents often abrogate contrast enhance-
ment and edema of glioblastoma, this might in part explain 
the discrepancy between effects on PFS and OS. Furthermore, 
even T2-weighted MRI sequences are infl uenced by bevaci-
zumab (Hattingen et al.  2013 ). This emphasizes the need for 
innovative imaging for the follow-up of patients on antian-
giogenic therapy (Hutterer et al.  2014 ).   

4     Primary CNS Lymphomas 

 Primary CNS lymphomas are malignant lymphomas, usually 
B-cell lymphomas, arising in the CNS without lymphoma 
manifestations outside the nervous system (Louis et al. 
 2007 ). This is a rare entity with a much higher incidence in 
AIDS patients. With the introduction of highly active antiret-
roviral therapy (HAART), the occurrence in AIDS patients 
has markedly dropped. 

 Primary CNS lymphomas typically involve the supraten-
torial brain parenchyma, but can also occur in the spinal cord 
and the posterior fossa. In rare cases, lymphoma cells can be 
found in the cerebrospinal fl uid (CSF). Ocular disease can be 
detected in up to 15 % of all cases. Some primary CNS lym-
phomas show a perivascular growth pattern and thereby 
result in atypical MRI fi ndings. In less than 10 %, occult sys-
temic lymphomas are present. 

 This possible dissemination defi nes the diagnostic workup 
(Korfel & Schlegel  2013 ). Besides cerebral MRI, at least 

systemic staging with computed tomography, CSF analysis 
(if safely possible) and ophthalmologic examination are rec-
ommended. For the clinical management, it is essential to 
early consider a possible diagnosis of CNS lymphoma. 
Steroids, as often applied for symptomatic therapy in patients 
with malignant glioma or brain metastases, must be avoided 
in lymphoma patients before histological diagnosis. Steroids 
are cytotoxic to lymphoma cells and can thereby impede a 
clear histological diagnosis. 

 Diagnosis is still commonly made via stereotactic biopsy, 
although the best contemporary evidence indicates a benefi t 
from open surgical resection at least with unifocal disease 
(Weller et al.  2012a ). The therapy usually consists of high- 
dose methotrexate chemotherapy for all patients who can 
tolerate it (Korfel & Schlegel  2013 ). The monoclonal CD20 
antibody rituximab and dexamethasone are frequently com-
bined with chemotherapy. High-dose chemotherapy fol-
lowed by autologous stem-cell transplantation can be 
considered in younger patients (Illerhaus et al.  2006 ). 
Intrathecal/intraventricular chemotherapy is part of some 
protocols (Pels et al.  2003 ). Whole brain radiotherapy is 
active in primary CNC lymphomas but is associated with 
delayed neurotoxicity (Doolittle et al.  2013 ). Therefore, 
radiotherapy should be reserved for patients who cannot 
receive chemotherapy or in the recurrent setting (Korfel et al. 
 2015 ; Thiel et al.  2010 ).  

5     Metastatic Tumors of the CNS 

 Brain metastases are approximately fi ve times more frequent 
than primary brain tumors, and 25 % of all patients dying 
because of malignancies show metastatic involvement of the 
brain in autopsies (Louis et al.  2007 ). The frequency of 
underlying cancer entities depends on their respective inci-
dence and tropism for CNS. Non-small cell lung cancer 
(NSCLC) accounts for 50 % of all patients with brain metas-
tasis, followed by breast cancer (~15 %), melanoma (~10 %), 
and renal cancer (~10 %) (Ostrom et al.  2014 ). In general, 
the prognosis for patients with metastatic tumors of the CNS 
is unfavorable. The incidence of brain metastasis is increas-
ing due to improved systemic therapies with sometimes lim-
ited CNS activity (Ahluwalia et al.  2014 ). 

 The clinical presentation does not differ from primary 
brain tumors, and in cases of single metastasis, MRI scans 
might also be similar to a malignant glioma. When numerous 
tumors are visible on MRI, the diagnosis is usually easy with 
infectious diseases being the relevant differential diagnosis. 

 All therapeutic considerations regarding brain metasta-
ses must account for the systemic situation of the underly-
ing cancer entity (Ahluwalia et al.  2014 ). Neurosurgical 
resections can be considered in patients with solitary or sin-
gular brain metastases and lesions causing mass effects or 
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neurological symptoms (Patchell et al.  1990 ). Stereotactic 
radiosurgery is an active alternative to surgery and is typi-
cally applied in patients with up to fi ve small metastases 
(<3 cm) (Aoyama et al.  2006 ; Kocher et al.  2011 ). The max-
imum number of metastases that can be treated with radio-
surgery has increased during the last years (Yamamoto et al. 
 2014 ; Hunter et al.  2012 ). When neurosurgery and focal 
radiotherapy are not possible, whole brain radiotherapy 
(WBRT) is an active option. WBRT prolongs PFS but not 
OS and is associated with a relevant cognitive decline in 
some patients (Chang et al.  2009 ; Aoyama et al.  2007 ). 
Therefore, WBRT can be postponed in patients where all 
brain metastases can be suffi ciently treated with a local 
treatment modality (surgery or radiosurgery). Systemic che-
motherapy is frequently applied according to the underlying 
cancer type (Ahluwalia et al.  2014 ). Usually, systemic che-
motherapy does not render one of the aforementioned brain-
directed therapies unnecessary. This might be different for 
some targeted therapies like BRAF inhibitors for malignant 
melanoma (Ahluwalia et al.  2014 ). 

 In general, the number and effi cacy of therapeutic options 
are often limited, and therefore, the intensifi cation of pre-
clinical and clinical research in this rather neglected fi eld is 
warranted.     
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    Abstract 

 This chapter gives an overview of important radiological 
aspects in brain tumor imaging. It was not our aim to deal 
with the wide differential diagnosis of brain tumors, and 
this chapter should not replace a neuroradiological text-
book. Instead, it addresses important radiological and neu-
rological aspects which should be known by the radiologist 
reporting brain tumors. In general, age is one of the most 
important criterion to distinguish different brain neo-
plasms, since the differential diagnosis differ considerably 
between ages. Therefore, the chapter is divided into child-
hood and adulthood brain tumors. Further, important pit-
falls in brain tumor diagnosis are treated especially 
concerning non-neoplastic brain lesions and post-treat-
ment changes. The localization of brain tumors in relation 
to functional brain areas is another important issue which 
has to be reported by the neuroradiologist, since preserva-
tion of important brain function is the ultimate goal and 
determines the treatment modality. Therefore, this chapter 
gives some help to localize a tumor with respect to the 
functional primary motor and language areas.  

  Abbreviations 

   MRI    Magnetic resonance imaging   
  CT    Computed tomography   
  CNS    Central nervous system   
  SE    Spin echo   
  FLAIR    Fluid-Attenuated Inversion Recovery   
  PD    Proton density   
  i.v.    intravenous   
  fMRI    Functional MRI   
  DWI    Diffusion-weighted imaging   
  ADC    Apparent diffusion coeffi cient   
  DTI    Diffusion tensor imaging   
  SWI    Susceptibility-weighted imaging   
  PNET    Primitive neuroepithelial tumor      
  DNET    Dysembryoplastic neuroepithelial tumor   
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  MPR    Multiplanar reformatting   
  PPL    Posterior pituitary lobe   
  WI    Weighted imaging   

1          Introduction 

 Magnetic resonance imaging is clearly the method of choice 
for the imaging of CNS diseases. Computed tomography is an 
alternative in case of emergency or MRI contraindications. 
For radiotherapy planning, the physical properties of CT are 
essential (Stephenson and Wiley  1995 ). Still, it is the only 
method for a reliable depiction of calcifi cation, which might 
have a diagnostic potential in some tumor entities especially 
in pediatric tumors and low-grade gliomas (Zulfi qar et al. 
 2012 ; Tsuda et al.  1997 ). The signal intensities on MRI and 
density values on CT allow a limited diagnosis of the his-
tology of the tumor. Invasive angiography or conventional 
 radiography is useful only in rare exceptions. 

 There are no standardized MR imaging protocols for 
brain tumors, so that the protocols given here are considered 
as proposals (Table  1 ). However, more and more patients 
with brain tumors, especially children (see Sect.  3 ), are 
included in treatment trials which have their own imaging 
protocols. For the European SIOPE (Europeenne 
International de la Société Societe International d’Oncologie 
Pédiatrique) brain tumor trials, an agreement of all reference 
(neuro)radiologists has been found. The following advice 
is based on this consensus.

   Additional to the standard spin echo (SE) sequences, an 
increasing number of various sequences have become avail-
able. However, the imaging characteristics on these 
sequences and thus the size and morphology of tumors might 
vary artifi cially. The key to a correct evaluation of study 
patients in a comparable way is to keep standardized imag-
ing sequences during follow-up. A standard imaging proto-
col should contain T2 and FLAIR or proton density 
sequences. They should be combined with T1-weighted 
sequences before and after intravenous administration of 
contrast agent.  

2     Brain Tumors in Adults 

2.1     Questions to the Radiologist 

 For each space-occupying lesion, infl ammatory or  vascular 
disease should be considered before a real neoplasm is 
diagnosed. Especially subacute hemorrhage, venous 
 infarction, arteriovenous malformations, large demyelinat-
ing diseases, or necrotic infections may look like a real 
neoplastic tumor. Patient’s history, neurological symp-
toms, and patient’s age are mandatory information to 
 provide the correct diagnosis. Further, there are some 
 imaging features which may specify the entity of a lesion. 
These features include diffusion restriction of T2-hyper-
intense lesions (Fig.  1 ), capsular and target- like structures 
of the margin, and the halo sign of the marginal zone 

   Table 1    Image protocol for brain tumor   

 Slice thickness/gab     Weighting  Details  Important features 

 Axial  5 mm/0–0.5 mm  T2WI  T2-TSE  Cortical ribbon sign, infi ltration of 
insula, basal ganglia 

 Axial  5 mm/0–0.5 mm  T1WI before/after 
administration of contrast 
agent 

 SE preferred, without fat 
suppression, without MT pulses, 
same sequence ∓ contrast 

 Consider T1-hyperintensities 

 Coronal or 
sagittal 

 5 mm/0–0.5 mm  T1WI after administration 
of contrast agent 

 SE preferred, should not be 
replaced by 3D sequences 

 Depicts late enhancement when 
acquired after axial sequence 

 Axial  5 mm/0–0.5 mm 
(FLAIR with gab) 

 FLAIR or PD (long TR)  Optional 3D FLAIR 

 Axial  5–6 mm/0.5–1 mm  DWI  Calculate ADC  Low ADC: postsurgical infarcts, 
cell density, abscess, 
antiangiogenic therapy 

 Axial  T2*WI  SWI before/after administration 
of contrast agent 

 (micro) Hemorrhages, blooming 
veins, tumor vessels 

 Second plane  Depends on the 
localization of the 
tumor 

 T2WI or T1WI  Choose the sequence which best 
depicts the tumor 

 Follow-up examinations should 
include exact the same sequence 

 3D post CM  Avoid inversion pulses 
(MPRAGE) 

 Does not replace second plane  Measure enhancement in 3 planes 
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(Fig.  2 ). Veins should be screened for thrombosis and arter-
ies for any other pathology (e.g., aneurysm,  malformations). 
Beside hemorrhage, T2*WI and especially thin-sliced sus-
ceptibility-weighted imaging (SWI) depict the “blooming” 
of any collection of blood either in hemorrhages and micro 
bleeds, cavernomas, or in vascular thromboses (Tong et al. 
 2008 ) (Fig.  3 ). The skull base, orbit, and viscerocranium 
should be screened for tumors and infl ammatory diseases 
as they may secondarily infi ltrate into the brain (Fig.  4 ). 
Especially in younger patients, the eyes and skin should 
also be inspected for malformations and hamartia indicat-
ing neurocutaneous diseases (Kandt  2003 ).      

 The most important question regarding the tumor entity is 
the differentiation between intracerebral (also named intra- 
axial) and extracerebral (extra-axial) localization. Extracerebral 
tumors are mostly benign neoplasms like meningiomas and 
schwannomas, whereas intracerebral tumors are malignant in 
the majority of cases, especially in older patients. Extracerebral 
tumors are rare in younger patients; thus neurocutaneous syn-
dromes, previous radiation therapy, or metastases (e.g., neuro-
blastomas) should be considered.  

First Question: Tumor or Tumor-Like Lesion?

  Fig. 1    Very hyperintense DWI lesions with corresponding lower ADC 
values. Ring-enhancing lesion with edema in patient with lung cancer 
( a ). Very high DWI signal ( b ) with lower ADC values ( c ) were highly 
suspicious for an abscess, which was confi rmed by stereotactic punc-
tion. Also note the hypointense signal of the capsule in T2WI ( a ). The 

hyperintense and nonenhancing lesion in the pontocerebellar angle ( d ) 
shows high DWI signal ( e ) with lower ADC values ( f ). These features 
are almost pathognomonic for epidermoids differentiating them from 
arachnoid cysts and cystic schwannomas       
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  Fig. 2    Patients with multiple sclerosis, the T2WI ( a ,  d ) and proton 
density WI ( b ) show the typical “halo” surrounding the lesion ( arrows ). 
T1WI depicts round, patchy, ( c ) or crescent-shaped ( e ) enhancements 

which are typical for demyelinating lesions. ( f ) Toxoplasmosis reveal 
target phenomena in some of the lesions ( arrows ) which are typically 
located in the basal ganglia and in the subcortical region       
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  Fig. 3    T2*WI ( a ) shows the blooming of the thrombosis in the cortical veins ( arrows  in  b ) and in the superior sagittal sinus which is hyperintense 
in the T1WI ( arrows  in  c ) due to methemoglobin       

  Fig. 4    T1WI spin echo sequence shows the destruction of bony cortico-
steroid medication. Patient had Wegener granulomatosis    of the struc-
tures in the nasal cavity ( a ) and hyperostosis resulting from the infi ltrates 

of the frontal skull base ( b ), developing intracranial tumor masses 
chronical infection. Also note the hypertrophic    subcutaneous fat due to 
with small intracerebral infi ltration ( arrows , surgically confi rmed)       

 

 

MR Imaging of Brain Tumors



16

 Signs indicating an extracerebral tumor are illustrated in 
Fig.  5 .

   The next question addresses the number of tumors. 
Singular large intracerebral tumors are mostly glial tumors; 
otherwise metastases should be suspected. 

 Finally, the possibility of a cerebral lymphoma should be 
considered. Corticosteroids should be withheld if a 
 lymphoma is a differential diagnosis based on the imaging 
fi ndings until a stereotactic needle biopsy has been per-
formed (Fig.  6 ). Lympholytic activity of corticosteroids 
makes the histopathological diagnosis more diffi cult or even 

 impossible. Therefore, radiologists should be familiar with 
imaging features of this tumor entity (Bühring et al.  2001 ).    

2.2     Tumor Localization 

 The description of tumor localization should consider two 
aspects: the precise anatomical localization and the spatial 
relation to functional representations of motor and language 
skills. Anatomical designation not only means the lobe and 
gyrus but also the relationship to white and gray matter 

Second Question: Intracerebral (Intra-axial) or 
Extracerebral (Extra-axial)?

Third Question: Is Cerebral Lymphoma Possible?

  Fig. 5    Schematic illustration of 
extracerebral versus intracerebral 
tumors is shown in ( a ). In 
meningiomas with irregular 
enhancement and marked 
intracerebral edema, ( b ) the 
extracerebral location might be 
diffi cult to evaluate. However, broad 
and sometimes umbilicated basis to 
the thickened dura ( arrow  in  c ) and 
the shifted cortex ( arrow  in  b ) may 
help to correctly diagnose 
extracerebral tumor       

 

E. Hattingen and M. Warmuth-Metz



17

  Fig. 6    Typical primary CNS lymphoma (PCNSL) showing features of 
a tumor with dense-packed tumor cells. The tumor is almost isointense 
to the gray matter in T2WI and T1WI ( a ) and enhances contrast agent 

with a patchy appearance. On CCT the tumor is isodense to gray matter 
( b ).  DWI signal is bright due to the narrowed extracellular space  ( c ) 
 and corresponding ADC values are low  ( d )       

  Fig. 7    Diffuse infi ltrating gliomas 
often infi ltrate the cortical  gray  
matter (left and also right frontal 
lobe in  a ), resulting in a swelling and 
blurring  gray - white  matter interface 
(“ribbon sign”). In contrast, 
vasogenic edema ( b ) respects the 
 gray - white  matter interface and 
white matter tracts, extends 
fi nger-like into the gyri ( black 
arrows ), and demasks the optic 
radiation ( white arrow )       
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 structures. The infi ltration of the cortical ribbon (cortical rib-
bon sign) and thickening of the corpus callosum are typical 
features of infi ltrative glial tumors which help to differentiate 
them from vasogenic edema (Fig.  7 ).

   The primary motor, sensory, auditory, and visual cortices 
are assigned at the brain surface. However, surface relief 
may be diffi cult to recognize in sectional images and anat-
omy might be distorted by the tumors. The identifi cation of 
surface anatomy is easier with interactive observation of 3D 
objects. Further, planar reformatting of the brain surface 
helps to delineate the central sulcus which marks the periro-
landic region with the primary sensorimotor cortex (Table  2 ) 
(Figs.  8  and  9 ).

     However, this direct allocation of anatomy to function 
and vice versa is only true for primary cortical areas: the 
variance increases with the complexity of brain function. 
One of the most investigated functions is the language 
since neurosurgeons have the primary goal of preserving 
the language during tumor resection. Another critical 
issue is to protect important white matter tracts. To 
achieve these goals, functional MRI (fMRI) and tractog-
raphy are well- established components of presurgical 
imaging (Fig.  10 ). MR  tractography virtually dissects 
functionally critical white matter tracts, such as the corti-
cospinal tract and the arcuate fascicle (Fig.  11 ), enabling 
the neurosurgeon to plan the surgical approach which 
best preserves the tract during resection. However, uncrit-
ical and inexpertly handling of these methods bears the 
imminent danger of misinterpretations (Jellison et al. 
 2004 ).

    Therefore, the main indication and the undoubted strength 
of fMRI and DTI is the presurgical planning. Functional lan-
guage MRI can localize language dominant hemisphere 
(Ruff et al.  2008 ; Roux et al.  2003 ; Kim et al.  2009 ; Spreer 
et al.  2002 ) (Fig.  11 ). However, surgical resection of tumors 
in the language areas of the dominant hemispheres still 
requires awake craniotomy and direct brain mapping to 
 prevent postsurgical aphasia (Kim et al.  2009 ). Tractography 
may depict the relation between tumor and white matter 
tract, but it should not determine the extent of resection dur-
ing surgery.  

2.3     Tumor Malignancy 

 The imaging criteria of malignancy include blurring 
tumor margins, tumor edema, necroses, and contrast 
enhancement. However, these signs of malignancy are 
not as reliable as they allow the definite categorization 
into low- and high- grade tumors. Diffuse gliomas infil-
trate the brain tissue by definition. Therefore, they 
mainly do not have sharp margins. In contrast, metasta-
ses and also highly malignant PNETs often have sharply 
delineated margins between tumor and edema (Fig.  12 ). 
 Low-grade neuroepithelial glioneuronal tumors like 
gangliogliomas and DNETs may be associated with cor-
tical dysplasia which may blur anatomical structures. 
Further, especially gangliogliomas may show areas of 
contrast enhancement (Fig.  13 ). Necroses are difficult 
to  differentiate from tumor cysts; in both, the 

   Table 2    Cerebral anatomy with respect to brain function   

 Spatial 
resolution 

 Distortions and 
signal loss 

 Tumor related 
dislocation 

 Sectional MRI  +  GE >> SE  Anatomical 
distortions in 
large tumors 
(edema) 

 White matter tracts 
mostly invisible 

 Anatomical 
interindividual 
variances 

 Variance between 
function and 
anatomy 

 3D MRI  ++  Due to GE  Anatomical 
distortions in 
large tumors 
(edema) 

 White matter tracts 
mostly invisible 

 Anatomical 
interindividual 
variances 

 Variance between 
function and 
anatomy 

 Surface 
reformatting 

 ++  Minimal  White matter not 
depicted 

 Contorted proportions 

 fMRI  Reduced  Skull base, blood 
products, metal, 
mineral 

 False-negative or 
positive 
activations 

 Discrepancy 
between vascular 
response and 
neuronal activity 

 Task dependent 
activation depicts 
only part of language 
function 

 Needs intact 
neurovascular 
coupling 

 DTI  Reduced  Skull base, blood 
products, metal, 
mineral 

 Tractography  Reduced  See DTI  May assume tract 
damage 

 Different 
methodologies 

 Signifi cantly 
affected by the 
method 
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 margins may enhance. However, cysts enhance linearly 
in contrast to the often partially nodular enhancement at 
the margins of tumor necroses.

    Malignant gliomas generate tumor vessels with impaired 
blood-brain barrier. The higher vascular permeability causes 
extravasal accumulation of contrast agent with consecutive 
signal increase on T1WI. Therefore, contrast enhancement is 
one important hallmark of tumor malignancy. Considering 
that most of the WHO grade I astrocytomas and a larger 

amount of grade II oligodendroglioma (White et al.  2005 ) 
may also enhance due to higher vasculature, this sign of 
malignancy has a limited value (Fig.  14 ). On the other side, 
about 30 % of high-grade WHO III astrocytomas do not 
enhance contrast agent (Scott et al.  2002 ; Muragaki et al. 
 2008 ; Chaichana et al.  2009 ) (Fig.  15 ).

    Although the histopathological WHO classifi cation still is 
the gold standard to categorize tumor entity and their  
malignancy, the molecular genetic profi le of a brain tumor 

  Fig. 8    The surface-reformatted image ( a ) shows both hemispheres 
from the interhemispheric fi ssure to the Sylvian fi ssure, displaying the 
entire central sulcus. The space-occupying lesion is located in the post-
central gyrus, shifting the precentral sulcus forward. The fMRI  with 

motor activation of the hand  ( b )  and intraoperative monitoring con-
fi rmed this localization. It was an epidermoid with characteristic very 
hyperintense signal in T2WI  ( c )  and very high signal on DWI  ( see also 
Fig .  1 )       
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  Fig. 9    Exact location of this perirolandic glioma is diffi cult to defi ne in 
axial slices ( a ). The surface-reformatted image depicts the precentral 
gyrus in whole length, showing the hand knob of the motor hand area 
( yellow dots  in  b  and  c ). The tumor including its enhancing part is 

located in the postcentral region, but T2-weighted reformatted image 
( b ) clearly shows infi ltration into the precentral gyrus and the inferior 
frontal gyrus ( arrows )       

  Fig. 10    Presurgical DTI and fMRI in brain tumors. FLAIR shows a 
tumor located in the basal ganglia in a patient with latent hemiparesis 
( a ). Tractography was performed with BrainLab@ using the functional 
areas of the tongue, hand, and foot in the motor cortex ( white spots ) as 
seed region and the cerebral peduncle as target region. In ( b ) the 

 corticospinal tract is shown with different color-coded tracking fi bers. 
In ( c ) preoperative virtually dissected corticospinal tract was trans-
formed in a three-dimensional object which can be integrated into a 
standard neuronavigation system, allowing for intraoperative visualiza-
tion of the tracts       

becomes more and more important for tumor diagnosis. Up to 
date, there are only few studies investigating imaging features of 
brain tumors with different molecular profi les (Aghi et al.  2005 ; 
Eoli et al.  2007 ; Diehn et al.  2008 ). Considering that these pro-
fi les determine the metabolism of the tumor, MR spectroscopy 
and metabolic imaging with PET should be the methods of 
choice to recognize molecular pattern (“PET Imaging of Brain 
Tumors”).  

2.4     Tumor Monitoring 

 Monitoring treatment effects on brain tumors becomes more 
and more complex. In conventional MR imaging, contrast 
enhancement is the hallmark of tumor growth. However, this 
imaging feature is more than ambiguous regarding tumor 
monitoring. On the one side, endothelial cells are sensitive to 
radiation and chemotherapy and—most often associated 
with temozolomide treatment—therapy-induced changes 

may yield a blood-brain barrier damage with contrast 
enhancement and mass effect of the treated brain tissue 
(Fig.  16 ). Neuro-oncologists introduced the term “pseudo-
progression” defi ning an increased (>25 % in diameter) or 
new enhancement of irradiated tissue usually detected within 
3 months of radiation that subsequently abates without fur-
ther treatment. This phenomenon is observed in approxi-
mately 20–30 % of patients treated with today’s standard 
therapy for glioblastomas (Brandsma et al.  2008 ). On the 
other side, new antiangiogenic treatments normalize the 
blood-brain barrier damage and thus reduce the contrast 
enhancement independent from real antineoplastic effects, 
which is named “pseudoresponse” (Figs.  17  and  18 ). Being 
familiar with the imaging features of infi ltrative brain tumors 
may however help to recognize nonenhancing tumors 
(Fig.  18 ). Neuro-oncologists are aware of these diagnostic 
challenges and addressed these problems in their new 
response criteria for malignant gliomas (Wen et al.  2010 ).

     Figure  19  illustrates these response criteria (RANO) 
(Wen et al.  2010 ).
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  Fig. 12    A large cystic-necrotic tumor abuts the brain surface and is 
surrounded by huge edema. Margins of the tumor are shapely delin-
eated ( arrows  in  a ). The contrast-enhancing rim, which also involves 
the brain surface ( b ), shows moderate increase of cerebral blood  volume 
of the tumor margins ( c ), which does not extend into the surrounding 

brain tissue (which is often seen in glioblastomas). The color-coded FA 
map (color- direction map) shows that the corticospinal tract (blue area 
in the right hemisphere) is involved by the edema. The blue indicates 
diffusion along the inferior/superior axis ( d )       

  Fig. 13    Two different 
gangliogliomas are shown in the 
temporomesial lobe ( a ) as the most 
typical tumor site of glioneuronal 
tumors and in the occipital lobe ( b ). 
Both tumors involve the cortical 
ribbon and have blurred tumor 
margins; the occipital tumor has two 
areas of enhancement ( arrows )       

  Fig. 11    The surface-reformatted image shows a glioma in the inferior 
frontal lobe ( a ). The motor function of the tongue was located behind 
the tumor, but one activation area was found inside the tumor ( b ). 
Patient had a seizure with reversible aphasia. FMRI was performed 
using verbal subtest of the German Wilde Intelligence Test: The patient 
is required to fi nd a pair of synonyms out of a set of fi ve words  presented 

simultaneously (Spreer et al.  2002 ). The frontal language activation 
area ( c ) and the temporal language area ( d ) are both located in the 
tumor-bearing left hemisphere, which was defi ned as dominant for lan-
guage (also confi rmed by word generation test). In ( e ) fi ber tracking of 
the arcuate fascicule (blue) projected on the color-direction map is 
demonstrated in a patient with a tumor near the temporal pole       
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  Fig. 14    Two low-grade gliomas with contrast enhancement are shown. 
A frontal astrocytoma WHO grade II typically infi ltrating the cortical 
ribbon shows faint superfi cial enhancement ( a ), which was due to 

 subpial infi ltration of the tumor ( b ). A large parasagittal oligodendro-
glioma WHO grade II shows inhomogeneous enhancement in the cen-
ter of the tumor. It is noteworthy that both tumors have almost no edema       
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  Fig. 15    A large frontal astrocytoma WHO grade III is shown with very 
high signal on T2WI ( a ) and low T1 signal ( b ,  c ). The DWI yields dif-
ferent tumor compartments with a cystic area ( low signal ), an area with 

presumably higher cell density ( higher signal ,  arrow ), and the huge 
tumor mass with intermediate signal. There is at the most faint contrast 
enhancement ( c ,  e )       

   The measurement of contrast-enhancing lesions in 
irregularly shaped, necrotic, and inhomogeneous or ring- 
enhancing lesions is challenging and interobserver vari-
ability is high (Vos et al.  2003 ). The most important issue 
in monitoring glial tumors is to depict the tumor regard-
less whether or not it enhances. The imaging features of 
this nonenhancing tumor were more or less ignored long-
time. Nonenhancing tumor, or rather brain tissue which is 
infi ltrated by glioma cells, may look like vasogenic edema 
or gliosis since each of these entities increases T2 relax-
ation time and is thereby hyperintense on T2-weighted 
images. However, there are some imaging characteristics 
which may help to distinguish edema from brain tumor, 

bearing in mind that tumor cells are often found in both nor-
mal and edematous brain tissue (see also Figs.  7  and  17 ). 

 To guarantee the comparability of images, a standardized 
protocol should be mandatory, which has not yet been 
implemented. The slice thickness should not exceed 5 mm 
in order to minimize partial volume effects (Wen et al. 
 2010 ). Sagittal high-resolution 3D sequences might be 
advantageous to avoid effects from different slice angula-
tions and partial volume effects, but they also have disad-
vantages considering movement artifacts and T1 contrast 
(see Figs.  23  and  24 ). Further, once there is an artifact (e.g., 
pulsation artifact), it might be reconstructed in three planes 
(MPR) simulating a real lesion 
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  Fig. 16    Patient underwent surgical resection of a frontal glioblastoma 
and was treated with radiation and temozolomide. The 3 months control 
yielded new solid enhancement which persisted 2 months later. MR 

perfusion was not conclusive due to severe artifacts. Histopathological 
fi nding after resection of this contrast-enhancing area did not reveal any 
tumor cells       

  Fig. 17    Patient had a recurrent 
glioblastoma, showing mass effect, 
inhomogeneous tumor area with 
adjacent edema, and irregular 
contrast enhancement ( a ). Four 
weeks after starting treatment with a 
humanized monoclonal VEGF-
antibody, contrast enhancement 
almost disappeared ( b ), fulfi lling the 
criteria of partial response 
concerning the enhancing lesion. 
T2WI might give more information 
on treatment response (Fig.  18 ). 
Also note the hyperintense areas in 
precontrast T1WI under 
antiangiogenic treatment       
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  Fig. 18    Same patient as in Fig. 17: T2W slices before antiangiogenic 
treatment (a) and 8 weeks after starting therapy show impressive anti- 
edematous effect due to the VEGF antagonism (b). Mass effect and 
inhomogeneous tumor area also vanished under this drug, and patient’s 

hemiparesis gradually resolved. However, some areas show new signal 
increase (arrows). In the 8-week follow-up (c, d), hyperintense areas 
mainly infi ltrating the cortical areas continuously increase, accompa-
nied with worsening of neurological symptoms       

  Fig. 19    Updated response assessment criteria for high-grade gliomas: response assessment in neuro-oncology working group (Wen et al.  2010 ). 
Further, the diffi culties to monitor glioblastomas after surgery leaving a resection cavity are shown for axial slices       
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 Further, each monitoring begins with an early  postsurgical 
MRI in order to detect the residual tumor which has to be 
monitored thereafter. Postsurgical control should always 
include DWI to detect infarcts, which may show confound-
ing enhancement in the follow-up (Fig.  20 ).   

 Early MRI <72 h after surgery with identical  noncontrast/
contrast T1WI, DWI, and T2* compared to the presurgical MRI. 

 2D sequences should be acquired with a slice thickness of 
<5 mm and max. 0.5 mm gap. 

 Detect enhancing and nonenhancing tumor in 2 different 
orientations (e.g., axial, coronal). 

 Perform follow-up with identical imaging protocol. 
Include DWI and PWI.  

2.5     Imaging Protocol 

 The imaging protocol should (1) characterize the tumor 
tissue, (2) localize the tumor, (3) show the extent of the 
tumor, and (4) appreciate the malignancy of a brain 
tumor. 

 MRI is the method of choice to characterize soft tissue. 

Tumor Monitoring

  Fig. 20    Postsurgical monitoring of a patient with a high-grade glioma: 
The contrast-enhancing part of the tumor in the temporal white mater 
( a ) was removed, while the insular part was left in place. The MRI 
control after 3 months showed T2-signal alterations and contrast 
enhancement in the dorsal margin of the tumor and also in the temporal 

cortex ( arrows ). These areas were suspicious for tumor recurrence. 
However, in retrospection to the early postsurgical MRI, ( c ) clearly 
reveals that these areas match with postsurgical infarction ( arrows ) and 
thus might not be misinterpreted as tumor progression or possible 
pseudoprogression       
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  Fig. 21    Tumors with different 
signals on T2WI: In ( a ) the same 
patient with PCNSL is shown as in 
Fig.  6 . The tumor is only slightly 
hyperintense to gray matter and 
DWI shows high signal due to the 
compact small cell matrix. 
High-grade gliomas may also show 
T2 and DWI signals which are 
similar to PCNSL if obvious 
necrosis is lacking ( b ). The 
astrocytoma WHO grade III in  c  has 
a large hyperintense area near the 
brain surface, while the adjacent 
brain tissue is infi ltrated presumably 
with more densely packed tumor 
cells (not proven, because this area 
was not removed at surgery)       
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  T2-weighted images  (T2WI) refl ect cell density of a 
tumor, because tumors with compact small cell matrix are 
rather isointense to gray matter. Typical tumors with dense 
cell structures are CNS lymphomas and the solid part of 
high-grade gliomas or medulloblastomas, respectively 
(Fig.  21 ). In contrast, tumors with loose cell structures are 
hyperintense even referred to the white matter. CSF-like sig-
nals might be necrosis, epidermoid, choroid plexus xantho-
granulomas, cyst, or pus. In these cases, DWI is the method 
of choice to narrow differential diagnosis, showing hyperin-
tense signals in abscesses, epidermoids, and in choroid 
plexus xanthogranulomas.

    Tl-weighted images  (T1WI) should be applied before 
and after application of contrast agent, actually as sequences 

with identical parameters. In the noncontrast T1WI images, 
hyperintense structures are often seen in oligodendrogliomas 
and in malignant brain tumors especially in those treated 
with bevacizumab (Fig.  22 ). These T1-hyperintense lesions 
mainly correspond to regressive calcifi cations (Bähr et al. 
 2011 ). Noncontrast T1WI is mandatory for the postsurgical 
imaging to recognize T1-hyperintense methemoglobin and 
effects of hemostatic material which additionally shorten T1 
relaxation time (Spiller et al.  2001 ). T1WI might be acquired 
as 2D or 3D sequences, while 2D as SE or gradient echo. 2D 
SE sequences have several advantages over 2D or 3D GE: 
Tumors of the skull base and orbit as important portals of 
entry are best depicted in noncontrast T1SE by the loss of 
hyperintense fat signal. In contrast, GE sequences miss this 

  Fig. 22    CCT ( a ) and MRI ( b – d ) 
of a patient treated with 
antiangiogenic drug. CT yields 
calcifi cations in the tumor area 
which are also hyperintense in the 
precontrast MRI ( c ). Therefore, 
precontrast T1WI should be 
always considered because 
otherwise these hyperintense areas 
may be misinterpreted as 
enhancing areas (see also Fig.  17 )       
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  Fig. 23    Different T1-weighted sequences without contrast agent at the 
skull base: In ( a ) axial slices of a 3D magnetization-prepared rapid 
 gradient echo (MPRAGE) sequence of a patient with malignant otitis 
externa infi ltrating the skull base and in ( b ) an axial 2D FLASH 
sequence of a patient with a meningiomas are shown. The  corresponding 

T1-spin echo sequences ( c ,  d ) depict much clearer the infi ltration of 
soft tissue and bony structures by the effacement of fat signal which 
cannot be seen on gradient echo sequences ( a ,  b ) due to the lack of 
hyperintense fat signal. Also note the effaced fat signal in the pterygo-
palatine fossa ( arrow )       

  Fig. 24    3D MPRAGE or other 3D sequences incorporating an inver-
sion pulse may be less appropriate to detect contrast enhancement. 
First, high signal of pial vessels and meninges may be confounding, and 
second, the signal of the brain tissue is not suppressed, and thus it is 

more diffi cult to appreciate the enhancing lesions ( a ). On 2D T1W spin 
echo sequence, ( b ) intracerebral lesions as well as leptomeningeal 
enhancement in the cerebellar sulci and the tentorial edge are clearly 
seen    ( arrows )       
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  Fig. 25    The recurrent glioblastoma 
 a  was scanned immediately after the 
application of contrast agent and, 6 
min later, showed impressive late 
enhancement of the tumor area. The 
signal intensity curve shows 
protracted enhancement of the 
tumor. In  b  different signal intensity 
curves are shown in two different 
GBMs depicting the rapid signal 
increase in the GBM on the left due 
to highly vascular tissue with 
impaired BBB, whereas in the GBM 
on the right had tumor areas with 
different enhancing dynamics       

hyperintense fat signal, and air-bone-tissue interfaces cause 
signal losses and distortions (Fig.  23 ).

     T1WI after intravenous application of contrast agent  
(CA): 3D MPRAGE may be less appropriate to detect 
contrast- enhancing lesions (Fig.  24 ), and 3D is more prone 
to motion artifacts compared to 2D sequences. Thus, other 
3D sequences should be preferred if the contrast enhance-
ment instead of the gray-white matter contract is of interest 
(Wetzel et al.  2002 ). Apart from the amount and pharmaco-
kinetics of different contrast agents, contrast enhancement is 
a function of vessel permeability and of the delay time 

between application of the contrast agent and sequence 
acquisition (Fig.  25 ).

     Diffusion-weighted images  ( DWI ) depict infarction 
after surgery which may be misinterpreted as recurrent tumor 
when endothelial barrier disruption brings contrast enhance-
ment in the follow-up (Figs.  20  and  26 ). The DWI signal and 
the corresponding apparent diffusion coeffi cient (ADC) also 
refl ect the microstructure of a tumor (diffusion-weighted 
methods). Further, antiangiogenic therapy with bevacizumab 
brings new DWI pattern with stroke-like hyperintensities 
which are still not understood (Rieger et al.  2010 ) (Fig.  27 ).
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  Fig. 26    Presurgical scan of a huge GBM before resection of the lateral 
and parietal tumor parts ( a ), postsurgical DWI ( b ), and the MRI control 
2 months thereafter ( c ). There is a clear tumor progression thickening 

the splenium and adjacent white matter ( black arrows ), whereas the 
new cortical signal changes and the corresponding enhancement repre-
sent the ischemic tissue shown in ( b )       

  Fig. 27    A recurrent GBM before ( a ) and 8 weeks after starting antiangiogenic treatment, showing hyperintense areas on the precontrast T1WI 
( white arrow ) and also bright spots on DWI with corresponding low ADC values ( black arrows )       
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  Fig. 28    The astrocytoma WHO 
grade II 2 years after surgery with 
residual peri-insular tumor on 
FLAIR ( a ) and T2WI ( b ): Some 
tumor areas ( arrows ) might be 
missed on FLAIR due to the 
T1-effect yielding intermediate 
signal in contrast to the 
hyperintense signal on T2WI       

    The most attention apart from contrast enhancement 
is given to  Fluid-attenuated inversion recovery  
(FLAIR) sequences. Isovolumetric 3D FLAIR sequences 
allow for multiplanar reconstructions and obviate par-
tial volume effects or artifacts of sequential 2D FLAIR. 
However, some basic physics of this sequence should be 
considered: FLAIR signal is not only influenced by the 
T2 relaxation time (T2-weighted) but also by the Tl 
relaxation time (Tl-weighted). Further, the contrast 
between gray and white matter and thus the delineation 
of anatomical structures may be inferior to T2WI. 
Therefore, signal changes may be more ambiguous on 
FLAIR than on T1WI and T2WI, and subtle infiltration 
of gray matter (cortical ribbon sign) may be less 
 obvious compared to T2WI (Fig.  28 ), yielding 

d ifferentiation between tumor and vasogenic edema more 
diffi cult. Therefore, FLAIR should not replace but supple-
ment T2WI.

   Susceptibility-weighted imaging (SWI) detects small 
veins and extravascular blood products including tumor- 
associated microhemorrhages. Recently, it has been shown 
that SWI after i.v. application of contrast agent visualizes 
architecture of tumor vessels. Increasing numbers of small 
vessels and intratumoral susceptibility signals seem to be 
hallmarks of high-grade gliomas (Pinker et al.  2007 ) and 
help to distinguish them from lymphomas. 

    Computer Tomography 
 CCT    may be indicated to detect calcifi cation which  narrows 
the differential diagnosis. 70–90 % of o ligodendrogliomas 
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show more or less pronounced calcifi cation on CCT. 
Further, it should be performed in patients with MRI con-
traindications. CCT may also be helpful to characterize cell 
density of a brain tumor in children (Sect.  3 ). In adults 
PCNSL are typical tumors with cortex-isodense 
 appearance in contrast to most of the gliomas which are 
hypodense on CCT.   

2.6     Case Illustrations 

 Although MRI has limited diagnostic accuracy, there are 
some clues to narrow differential diagnosis. These criteria 
should always include or rather begin with patient’s age con-
sidering that the likelihood of malignancy in adulthood 
increases with age (Fig.  29 ).

  Fig. 29    Two similar tumors with enhancing nodules abutting the brain 
surface and large cysts: The tumor of the older patient shows some 
edema, whereas the tumor of the young patient lacks any edema. The 

older patient only had one seizure, whereas the young patient had epi-
lepsy with complex partial seizures. The older patient had a GBM; the 
young patient had a pleomorphic xanthoastrocytoma       
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  Fig. 30    Two similar histopathologically proven astrocytomas in the 
right parietal lobe infi ltrating the cortex, both without contrast enhance-
ment: The gyri are bloated and  gray - white  matter junction is effaced. 

The tumor in ( a )  was a astrocytoma WHO grade III, whereas in  ( b ) 
 an astrocytoma WHO grade II was found        
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     1.    WHO grade II and III gliomas 
 Most low-grade gliomas or gliomas with secondary 

malignant transformation infi ltrate cortical structures 
(Fig.  30 ). A preferential localization of low-grade astrocy-
toma is the frontotemporal lobe with involvement of the 
temporal stem, the temporomesial structures, and the insula. 
The infi ltration way often follows white matter tracts like 
the anterior commissure and the corpus callosum. Coronal-
oriented T2WI are very helpful in depicting the extent of 
low-grade tumorsand to detect tumor  progression in the 
follow-up (Fig.  31 ). Due to the diffuse infi ltration pattern, 
low-grade tumors do not expand  spherically, but infi l-
trate the anatomical structures often without  severally 

 distorting them. Therefore, size measurement of these brain 
tumors is of limited value.

    WHO grade III oligodendrogliomas are i.a. defi ned by 
microvascular proliferation and necrosis which give them the 
appearance of a highly malignant GBM (Fig.  32 ). WHO 
grade II oligodendrogliomas may already appear malignant 
due to their inhomogeneous tumor areas with cysts, calcifi -
cations, and hemorrhage (Fig.  33 ).
        2.    Glioneuronal tumors 

 The hallmarks of these tumors are the younger patient age 
(children and young adults) and the high association with 
epilepsy with complex partial seizures. Although mostly 
benign, one should be aware that the glial  component of 

  Fig. 31    The gliomatosis of the left hemisphere infi ltrating the corpus 
callosum was treated with radiation in 2009. In 2010, the mass effect of 
the  left - sided  tumor declined, but tumor progressed by infi ltrating the 
 right  temporal  white  matter, the insula, the basal ganglia, and 

 hypothalamus bilaterally ( white arrows ). Coronal T2WI depicts the 
infi ltration ways en face minimizing partial volume effects of axial 
slices, and further they visualize the blurring of gray-white matter junc-
tion due to the tumor infi ltration       
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  Fig. 32    Very inhomogeneous tumor with cystic areas, irregular, and 
patchy enhancement of the margins. It has the appearance of GBM, 
except for the small surrounding edema which is not typical for large 

necrotic GBMs ( a ,  b ). The CCT ( a ) shows calcifi cation which yields faint 
hyper- and hypointense signal changes in precontrast T1WI ( c ); see also 
Fig.  33 . Histopathology yielded an oligodendroglioma WHO grade III       
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gangliogliomas, the most frequent glioneuronal tumor, might 
show malignant transformation. Glioneuronal tumors are 
mostly located in the temporal lobe, especially in the tem-
poromesial region, abutting the brain surface (Figs.  13  and 
 34 ). Cystic components and partial contrast enhancement is 
also found. The DNET may show little cysts which might 
have a typical hyperintense rim on FLAIR (Fig.  35 ). Tumors 
with cystic components (which might be indistinguishable 
from necroses) and nodular enhancing tumor abutting the 
brain surface in younger adults are suspicious for glioneuro-
nal tumors. Other differential diagnoses include very rare 
tumors like pleomorphic xanthoastrocytoma, originating 
from subpial astrocytes, and astroblastomas (Fig.  36 ). These 
tumors are large, peripheral supratentorial tumors with 

 cystic and solid parts and a characteristic bubbly appearance 
(Fig.  29 ).

3                 Pediatric Brain Tumors 

3.1     Standard MRI 

 In children, the slice length should not exceed 4 mm. For 
small structures even much smaller slice lengths might be 
necessary. Although many surgical or radiotherapy treat-
ment planning systems require three-dimensional 
sequences, these should only be additional to the core of 
standard imaging: It may be impossible to compare a tumor 

  Fig. 33    The same patient as in Fig.  14c . Hypointense signals in T2WI 
might be due to hemorrhage, which is more often found in malignant 
brain tumors. The CCT yields strong calcifi cations which cause signal 
loss in T2*WI. The signal intensity of calcifi cation may be hypointense 

due to its diamagnetic properties, whereas the size and confi guration of 
calcium salt deposits as well as its interactions with other paramagnetic 
cations may cause T1 shortening       
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  Fig. 34    Young adult with incidental fi nding of a small tumor in the left temporal lobe abutting the brain surface with a cystic component ( white 
arrows ) adjacent to an enhancing nodule ( black arrow ). Histopathology revealed a ganglioglioma       

on sequential SE scans with the same tumor on 3D scans or 
MPR series because the contrast behavior of tumors can 
differ considerably on these sequences (Pinker et al.  2007 ). 
An automatized 3D volume calculation of brain tumors can 
only be used in single- or limited-center studies because the 
acquisition parameters have to be uniform. 

 DWI with the additional calculation of the ADC allows 
not only the depiction of infarcted brain but also an 
 estimation of cellular density in the absence of hemorrhage 

(Kato et al.  2009 ). Together with the signal intensity on 
T2-weighted MRI, the ADC is a very useful tool for differ-
ential diagnosis (Kan et al.  2006 ). Susceptibility-weighted 
sequences are useful for the identifi cation of calcifi cation or 
blood degradation products. However, in pediatric brain 
tumors with the exception of craniopharyngiomas, this fea-
ture is of little importance compared to its value in the dif-
ferentiation of adult high-grade gliomas (Zulfi qar et al.  2012 ; 
Tsuda et al.  1997 ; Pinker et al.  2007 ).  
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3.2     Differential Diagnosis of Common 
Pediatric Brain Tumors 

 Pilocytic astrocytomas are the most frequent brain tumors 
in children in all parts of the CNS. One of the main features 
on histopathology also relevant for imaging features is the 
low cellular density. They frequently take up contrast agent 
and might contain cystic components, which should not be 
mentioned as necroses. Necrotic components are clearly 
features of high-grade tumors like glioblastomas or of 
treatment- induced necrosis. The walls of tumor cysts may 
enhance (Fig.  37 ), and enhancement allows to differentiate 
pilocytic astrocytomas from hemangioblastomas, also 
termed as Lindau tumors. This entity is most frequently 
localized in the cerebellum, spinal cord, and rarely—espe-
cially in adolescents and younger adults—in the supraten-
torial brain. It might consist of a pure nodule or a strongly 
enhancing nidus within a cyst. This similarity can create 
diagnostic problems in the discrimination from pilocytic 
astrocytomas (Beni- Adani et al.  2000 ). A hemangioblas-
toma can be safely excluded if cyst wall enhancement is 

present (Bishop et al.  2008 ) (Fig.  38 ). If cyst wall 
 enhancement is absent, there is no way to differentiate 
between hemangioblastoma and pilocytic astrocytoma with 
standard imaging. The reduced cellular density corresponds 
to a high T2 signal and high ADC values (Fig.  39 ) facili-
tating the differentiation from tumors with high cell  density, 
e.g., medulloblastomas/ependymomas (Fig.  40 ), or—in 
the suprasellar or pineal region—to germ cell tumors 
always showing a cell density comparable to gray matter 
(Fig.  41 ). Unenhanced CT is also very helpful to assess cell 
density of pediatric brain tumors (Poretti et al.  2012 ) 
(Fig.  42 ). Among our own unpublished    studies of far more 
than 100 patients with medulloblastomas undergoing CT 
without contrast enhancement, no tumor with hypodense 
CT values in the solid tumor parts was found. However, in 
supratentorial gliomas, an accurate differentiation between 
low- and high-grade gliomas is not possible because the 
cell density of the solid components in high-grade gliomas usu-
ally remains below the cell density of PNETs or  ependymomas 
(Fig.  43 ). Other ominous features like  inhomogeneous texture 
or an increase of perifocal edema (Fig.  44 ) have to be taken into 

  Fig. 35    The temporomesial DNET shows typical well-defi ned hyperintense rings on FLAIR sequence       
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account. The  diagnosis of gliomatosis cerebri, which may 
vary on histology from WHO grade II to IV, is based on the 
involvement of more than two lobes of the brain (Fig.  45 ).

           To diagnose a diffuse intrinsic pontine glioma (DIPG), 
typical clinical complaints in addition to typical infi ltrative 
appearance on MRI are required (Fig.  46 ). Key features are 
an extension of more than 50 % of the pontine cross- sectional 
area and a clear tumor origin and center in the pons (Fischbein 
et al.  1996 ) and not other parts of the brainstem, e.g., medulla 
oblongata, where low-grade gliomas predominate. Contrast 
enhancement at the time of diagnosis might have a prognos-
tic importance (Poussaint et al.  2011 ). Cysts are extremely 
rare and can be a sign for a low-grade histology (Fig.  47 ), 
indicating the need of a histological clarifi cation. If biopsy 
does not seem to be feasible, a close follow-up is mandatory. 
In neurofi bromatosis type 1 as well, focal and also seemingly 
typical DIPG can exist but usually show a much more benign 
clinical course (Fig.  48 ).

     In the suprasellar compartment, the differentiation 
between the frequent tumors in children in this localization 

like craniopharyngioma, LGG, and germ cell tumor is usu-
ally possible on the basis of conventional MR/CT imaging 
(Table  3 ). Small germ cell tumors might be indistinguish-
able from a hypothalamo-pituitary lesion in Langerhans cell 
 histiocytosis (Makras et al.  2006 ). Adamantinous 
 craniopharyngiomas are the  typical craniopharyngiomas in 
children and show frequently calcifi cation and cysts. CT 
without contrast is the additional method of choice (Tsuda 
et al.  1997 ;    Warmuth-Metz et al.  2004a ,  b ) (Fig.  49 ) and can 
be centered on the tumor without touching the radiosensi-
tive eye lens. Extreme dose reduction in order to protect the 
child should be avoided because very small calcifi cations 
might be detectable only on the soft tissue reconstruction, 
which needs a higher dose of radiation for adequate image 
quality. Varying with the individual position of the cranio-
pharyngioma, a loss of the physiological bright posterior 
pituitary lobe (PPL) signal on the unenhanced T1-weighted 
MRI is possible and therefore sagittal thin-slice T1-weighted 
images are very useful (Fig.  50 ). A loss of the bright PPL  signal 
indicates the disturbance of the  hypothalamic-PPL axis. 

  Fig. 36    Tumors abutting the brain surface in young adults, modeling 
the adjacent bone. Both tumors have pronounced larger enhancing 
tumor nodules together with small cystic areas. Histopathological 

 diagnoses yielded an astroblastoma WHO grade II ( a ) and a xantho-
granulomatous astrocytoma grade II ( b )       
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  Fig. 37    Enhancement of the cyst 
wall as shown in this cerebellar 
pilocytic astrocytoma can be useful 
for the differential diagnosis 
between glioma and 
hemangioblastoma. Many pilocytic 
astrocytomas do not show cyst wall 
enhancement. If so, pilocytic 
astrocytomas should be assumed 
because hemangioblastomas almost 
always lack cyst wall enhancement       

Germ cell tumors in a suprasellar position almost always 
have no T1-hyperintense signal in the PPL (   Di Iorgi et al. 
 2012 ). Due to a high ratio between cell nuclei and cyto-
plasm, these tumors usually show a T2-signal comparable to 
gray matter, a restricted diffusion and a regular, frequently 
intense contrast enhancement (Liang et al.  2002 ; Sumida 
et al.  1995 ). The various types of germ cell tumors with the 
exception of the typically inhomogeneous teratomas cannot 
be differentiated from each other on MRI.

     Pilocytic astrocytomas of the chiasm/hypothalamus are 
tumors with a low cellular density and therefore show a 
high T2 signal (Poretti et al.  2012 ), no restricted diffusion, 

and hardly ever a loss of the physiologic bright PPL signal. 
In very young children, tumors in this localization may be 
accompanied by a meningeal dissemination with an increase 
of protein but without tumor cell detection in the CSF 
(Gnekow et al.  2012 ). 

 Spinal tumors cannot be differentiated on the basis of 
MRI features with rare exceptions. In general, all tumors    of 
the CNS can be localized within the spinal cord. Statistically 
in children, e   specially the younger ones, astrocytic tumors 
predominate (Jallo et al.  2003 ). Ependymomas are very 
vascular. Only rarely a leptomeningeal siderosis or 
the unusual presence of hemosiderin capping (cap sign) 
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at the borders of an ependymoma can be of diagnostic sig-
nifi cance for this histology (Fig.  51 ) (Huisman  2009 ; 
Baleriaux  1999 ) kindly provide part label caption.

3.3        Early Postoperative Imaging 

 A residual tumor after resection can only be identifi ed within 
the fi rst 3 days after resection because after this time period 
surgical trauma may induce reactive changes of the brain 
which may enhance the contrast agent. These changes are vir-
tually indistinguishable from residual tumor (Forsting et al. 
 1993 ). Unfortunately, enhancement may also occur during 
and very early after surgical resection—especially by using 
electrocoagulation—causing problems to identify possible 
residual tumor as well (Knauth et al.  1999 ). Therefore, we do 
not advice to perform postoperative MR scans directly from 
the operating theater, which seems very attractive in terms of 
logistics. The fi rst and second days after surgery are ideal for 
the early  postoperative MRI. However, if this time period is 

missed in a contrast- enhancing tumor, then the correct identi-
fi cation of a residual tumor might not be possible for a long 
time or even forever. Nonenhancing tumors can only be iden-
tifi ed on the basis of their features on T2/FLAIR or PD 
sequences. Therefore, the comparability of MRI to the preop-
erative time point is of utmost importance. In addition, a 
change of magnetic fi eld strength is problematic and should 
be avoided for the pre- and postoperative comparison and 
also for further follow-up.  

3.4     Meningeal Dissemination 

 The examination of the entire dural space intracranially and 
in the spinal canal is necessary for a correct tumor staging. 
MRI is the only noninvasive method for the evaluation of a 
leptomeningeal dissemination of tumors or a primary medul-
lary tumor. 

 Enhancement can affect the leptomeninx and the pachy-
meninx. Pachymeningeal enhancement is frequently a 

  Fig. 38    Hemangioblastoma of the 
medulla oblongata showing the 
characteristic lack of cyst wall 
enhancement       
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  Fig. 39    Hyperintense T2 signal ( a ) in the solid parts of a pilocytic 
astrocytoma in the right cerebellar hemisphere representing the low cell 
density of these tumors. On the ADC map ( b ) the low cell density of the 

same pilocytic astrocytoma as shown in Fig.  3a  leads to high values 
(seen as bright signal)       

  Fig. 40    Contrary to the Figs.  3a, b , the increased cellularity in case of a medulloblastoma leads to a hypointense T2 signal ( a ) and low ADC 
values ( b )       
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  Fig. 41    In a germinoma of the 
pineal region, the T2 signal is 
hypointense as expected in a tumor 
with higher cell density. Small cysts 
are possible but large cysts are very 
unusual in germinomas       

  Fig. 42    On CT the cell density of 
tumors is refl ected even more 
reliably than on MRI by high- or 
low-density values. Low density is a 
characteristic feature of pilocytic 
astrocytoma of the chiasm ( a ), and 
an increased density compared to 
gray matter is typical for a 
medulloblastoma ( b ). If density is 
equal to gray matter, both entities 
are possible. If calcifi cations exist, 
this discrimination might fail       
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  Fig. 43    PNETs typically do not 
show a perifocal edema. More 
frequently enhancement is missing 
or only subtle (not shown)       

  Fig. 44    In high-grade gliomas as in this anterior callosal GBM, 
edema is usually large and the tumor borders tend to be very indis-
tinct ( a : T2-weighted MRI). Enhancement ( b ) can vary but is usually 

more intense in GBM compared to WHO grade III gliomas. Cell den-
sity is intermediate and therefore ADC values are not strikingly low-
ered ( c )       
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  Fig. 45    Gliomatosis cerebri is 
defi ned as diffuse glioma which 
affects more than two lobes of the 
brain. The FLAIR image shows 
involvement of both frontal and 
temporal lobes and a pathology also 
in the cerebral peduncles bilaterally       

 consequence of pressure changes in the CSF space, e.g., 
after surgery, in case of an implanted shunting system or 
after lumbar punctures. In contrast, leptomeningeal enhance-
ment either represents a neoplastic or infl ammatory affec-
tion. Nodular enhancement of the leptomeninges is almost 
 pathognomonic for nodular meningeal dissemination and is 
only rarely due to infl ammation like sarcoidosis. In laminar 
enhancement, meningitis should be excluded by CSF 
examination. 

 In a considerable number of children with medulloblas-
tomas or other tumors associated with leptomeningeal seed-
ing, the staging examination of the spinal canal is performed 
after surgery. Immediately after surgery, MR scans show a 
physiological phenomenon, which is called  nonspecifi c 

 subdural spinal enhancement. This enhancement closely 
resembles the MR images known from idiopathic CSF 
hypotension syndrome (Kumar et al.  2010 ; Medina et al. 
 2010 ), which typically shows an affection of the pachyme-
ninges, whereas the leptomeninges are spared. This pattern 
can easily be differentiated from the MRI characteristics of 
leptomeningeal dissemination (Fig.  52 ) (Medina et al.  2010 ; 
Warmuth   -Metz 2004). Subdural enhancement must not be 
confounded with leptomeningeal disease. Patients are 
always without specifi c symptoms. In case of extensive sub-
dural enhancement, a leptomeningeal dissemination cannot 
be excluded with suffi cient security, and therefore the spinal 
MRI has to be repeated after about 1–2 weeks. Within this 
time period, nonspecifi c enhancement should be reduced or 
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even completely resolved. From time to time, a level of spi-
nal intradural blood after surgery can be observed and 
resolves spontaneously as well.

   Exclusively T1-weighted images after application of 
contrast agent are required to visualize possible spinal 
leptomeningeal dissemination. Rarely T2-weighted MRI 
is useful for the identifi cation of small leptomeningeal 
nodules. Clinical practice in the reference evaluation of 
children with brain tumors has shown that the T1W 
sequence after contrast application is usually the last of 
the standard spinal MR sequences. Consequently, these 
important postcontrast T1 images are very often deterio-
rated by movement artifacts in no longer compliant, awake 
patients or by a fl attening of sedation versus the expected 
end of the MR examination in sedated patients. Therefore, 
we advice to concentrate on the T1 after the contrast 
enhancement only. In case of doubt, theT2-weighted MRI 
may be added thereafter. If a fatty fi lum terminale is 
 suspected, an additional T1 with fat suppression can 
 clarify the situation. Small deposits of leptomeningeal 

 disease may be mistaken for physiologic vessels of the 
spinal cord. Vessels are easily depicted if axial slices are 
performed in all areas showing possible vessel enhance-
ment on the sagittal slices.  

3.5     Follow-Up Examinations 

 Response of tumors is traditionally evaluated by size mea-
surement. Therefore, comparable imaging parameters have 
to be used to guarantee as much accuracy as possible. In 
tumors only measurable on T2/FLAIR images like DIPG or 
nonenhancing tumors, a second plane of one or both of these 
sequences should be provided to enable a volume calcula-
tion. In pilocytic astrocytomas, an intensifi cation of enhance-
ment or a new contrast enhancement must not be mistaken 
for a malignant degeneration and progression. In these 
tumors, enhancement is strongly varying and not related to 
prognosis with (Lesniak et al.  2003 ) and also without treat-
ment (Gaudino et al.  2012 ).      

  Fig. 46    Typical diffuse intrinsic 
pontine glioma (DIPG) despite an 
obvious anterior exophytic 
protrusion. The defi nition on 
imaging includes a main localization 
within the pons, affecting more than 
half of the pons, and a diffuse 
growth in the pontine fi bers. True 
cysts (in distinction from necroses) 
are very unusual       
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  Fig. 47    This tumor of the pons was 
unusual for a DIPG because of a 
cyst besides a long duration of 
clinical complaints. Histological 
examination revealed a pilocytic 
astrocytoma       

  Fig. 48    Sagittal ( a ) and axial ( b ) T2-weighted images of a 4-year-old child with neurofi bromatosis I and only very mild brainstem symptoms. Five 
years later ( c ) the swelling of the pons markedly regressed       
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   Table 3    Typical MRI features useful for the differential diagnosis of the most frequent tumor entities of the suprasellar region in children and 
young adults. Sarcoidosis is not common in children and may be omitted in the differential diagnosis   

 Histology  LGG  GCT  Craniopharyngioma  LCH  Sarcoidosis 

 T2  Hyperintense  Isointense  Mixed  Hypointense  Hypointense 
 Enhancement  ±  +  +  +  + 
 Internal structure  Often solid/cysts 

possible 
 Solid/small cysts 
possible 

 Predominantly cystic  Solid  Solid 

 HHL signal  +  –  ∓  –  ? 

   LGG  low-grade glioma,  GCT  germ cell tumor,  LCH  Langerhans cell histiocytosis  

  Fig. 49    A circular calcifi cation on 
CT (soft tissue reconstruction mode) 
is characteristic for an adamantinous 
craniopharyngioma       
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  Fig. 50    A large partly solid 
craniopharyngioma of the intra- and 
suprasellar region has caused a loss 
of the physiologic bright signal of 
the posterior pituitary gland on 
unenhanced T1-weighted image. 
This feature is the imaging correlate 
of a diabetes insipidus       

  Fig. 51    Leptomeningeal siderosis with nodular and laminar areas of 
signal loss on a T2-weighted lumbosacral MRI in a patient with a large 
ependymoma of the fi lum terminale       

  Fig. 52    The spinal MRI (T1-weighted sequence after contrast) per-
formed in the early postoperative period after resection of a medullo-
blastoma shows subdural enhancing structures protruding into the spinal 
canal from the outer dural margins. This nonspecifi c postoperative phe-
nomenon precludes a reliable exclusion or diagnosis of leptomeningeal 
dissemination. Therefore, the staging MRI has to be repeated, and these 
nonspecifi c changes usually disappear quickly       
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   Abbreviations 

  ATRT     Atypical teratoid rhabdoid tumor   
  BCNU    Bis-chloroethylnitrosourea (carmustine)   
  GBM     Glioblastoma multiforme   
  HIF1α    Hypoxia-inducible factor 1-alpha   
  PFS    Progression-free survival   
  PNET    Primitive neuroectodermal tumor   
  PRESS     Point resolved spectroscopy   
  rGBM    Recurrent glioblastoma multiforme   
  STEAM     Stimulated echo acquisition mode   
  T    Tesla   

       MR spectroscopy (MRS) allows the noninvasive measurement 
of the concentrations from selected metabolites in vivo. Till 
now, MR spectroscopy is applied for specifi c purposes in 
brain tumor diagnostics. The metabolic profi le of a brain 
tumor not only characterizes tumor entity, but it may also be 
crucial for prognosis and for therapeutic decisions. In the last 
decades, it has become evident that molecular genetic mark-
ers of a brain tumor may be prognostic or even predictive for 
a specifi c therapy (Weller et al.  2009 ; Reifenberger et al. 
 2012 ). Therefore, therapy of brain tumors is becoming 
increasingly complex, and histopathological features should 
not be the only aspect of establishing therapeutic decisions in 
the future. These molecular markers infl uence the metabolic 
profi le and the micro milieu of the tumor. While MRI is con-
sidered as method of choice for diagnostic imaging of brain 
tumors, the method of MR spectroscopy, which is based on 
the same physical principles as MRI and can be performed 
with the identical setup, provides metabolic information, 
thereby offering a tool for studying the metabolic profi le. In 
vitro MRS studies of tumor specimen and many in vivo 
 studies have already shown that MR spectroscopy is able to 
detect these metabolic profi les or even the oncometabolites 
themselves (Constantin et al.  2012 ). Therefore, the role of 
MR spectroscopy may fundamentally change in the next 

      MR Spectroscopic Imaging 

           Elke   Hattingen     and     Ulrich   Pilatus    
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decades. Hitherto, MR spectroscopic studies investigated the 
sensitivity and diagnostic accuracy of MR spectroscopy in 
characterizing brain tumors and tumorlike lesions (Horská 
and Barker  2010 ). Taking into account that the accuracy is 
not suffi cient to replace histopathological diagnosis, the 
value of time-consuming spectroscopic methods for differen-
tial diagnostic still remains limited. Today’s primary indica-
tions of MR spectroscopy in diagnostic settings should be: 
(1) guiding stereotactic biopsy in heterogeneous or large non- 
necrotic brain tumors, (2) avoiding surgery in asymptomatic 
patients with small brain tumors in eloquent brain areas or 
young patients with chronic partial epilepsy with “benign” 
aspect, and (3) monitoring residual low-grade tumors after 
surgery. Monitoring high-grade gliomas after standard ther-
apy (surgery, followed by radiation and  chemotherapy) may 
be diffi cult or even impossible with proton MR  spectroscopy. 
First, recurrent high-grade gliomas often occur at the margins 
of resection cavity and thus in areas with preexisting dam-
aged brain tissue from radiation, peri-surgical infarction, and 
macro- or microbleeds. Considering that metabolites other 
than lipids are only present in solid and vital tumor tissue, 
partial volume effects from necrotic and hemorrhagic tissue 
may affect the metabolite concentration obtained for the tar-
geted voxel. Second, many malignant brain tumors are 
located in the temporal or frontobasal lobes. In these brain 
areas, proton MR spectroscopy is prone to susceptibility arti-
facts requiring time-consuming manual shimming or even 
rendering the spectra useless. Some of these disadvantages 
do not apply to phosphorus MR spectroscopy which mea-
sures some of the most relevant compounds involved in tumor 
metabolism: metabolites of membrane phospholipids, the 
products of oxidative phosphorylation, and the intracellular 
pH (see Chap.   Future Methods in Tumor Imaging    ). 

 This chapter focuses on the special metabolism of glial 
brain tumors to elucidate the role of MR spectroscopy for a 
more “individualized” tumor characterization. 

1     Methods 

1.1     Introduction to MRS 

 Magnetic resonance imaging (MRI) measures the signal of 
water protons ( 1 H nuclei) in the presence of magnetic fi eld 
gradients, which, together with phase encoding, provides the 
localization. MRS detects water-soluble metabolites, thus pre-
senting a method for in vivo monitoring of metabolic changes. 
At the magnetic fi eld strength of a standard clinical MR scan-
ner (1.5–3 T), the  1 H nuclei and to a certain extent also the  31 P 
nuclei show suffi cient sensitivity to allow the in vivo detection 
of metabolites in small volumes (<4 ml) within reasonable 
acquisition time. The fi rst in vivo  31 P spectrum of mouse brain 
was recorded in 1978 (Chance et al.  1978 ). Measuring  1 H 

spectra requires effi cient suppression of the dominant water 
signal, which exceeds the metabolite signals by approximately 
10 4 , and is therefore technically more demanding. The fi rst 
in vivo  1 H spectra of rat brain were recorded in 1983 using a 
surface coil in a vertical bore high-resolution NMR spectrom-
eter at 8 T (Behar et al.  1983 ). Human brain spectra were fi rst 
obtained in 1985 by Bottomley et al. ( 1985 ). 

 Initially, in vivo spectra were recorded with surface coils 
which detect signal from the entire region in the vicinity of the 
coil. For application to pathological lesions, it is required to 
obtain spectra from a targeted region of the brain (e.g., tumor 
tissue). This can be achieved by pulse sequences with selective 
excitation of three orthogonal slabs resulting into spectra from 
a single cuboid volume element localized at the intersection 
of the slabs (single voxel spectroscopy, SVS). Two methods 
are available, either PRESS (Bottomley et al.  1985 ; Ordidge 
et al.  1987 ) or STEAM (Frahm et al.  1989 ), each having their 
advantages and disadvantages as described by Moonen et al. 
( 1989 ). The potential of measuring spatially resolved spectro-
scopic information (i.e., obtaining a matrix of spectra as dem-
onstrated in Figs.  1  and  2 ) by combining spectroscopy with 
gradient phase encoding (spectroscopic imaging, SI or MRSI) 
was fi rst demonstrated by Brown et al. ( 1982 ) for the  31 P 
nucleus, while 10 years later Fulham et al. ( 1992 ) showed fi rst 
 1 H MR spectroscopic images of patients with brain tumors. 
At that time many studies on human tumors had already been 
performed (for review, see Negendank  1992 ) including several 
 31 P MR spectroscopic examinations on brain tumors applying 
various localization techniques. However, with the publication 
of the fi rst localized water-suppressed  1 H spectrum of a human 
brain tumor by Bruhn et al. ( 1989 ), single voxel  1 H MRS had 
become the method of choice for supporting a noninvasive 
differential diagnosis in brain tumors. This can be attributed 
to the fact that the spectra show separate markers for the 
pathological and normal tissue: the increase in intensity of the 
choline signal is related to tumor cell  proliferation 
(Herminghaus et al.  2002 ; Guillevin et al.  2008 ), while the 
decrease of the concentration of metabolite  N -acetyl- aspartate  
marks breakdown of neuronal cells as it is shown in Fig.  1  for 
a patient with glioblastoma (see also Table  1 ). 

    Single voxel spectroscopy relies on the accurate defi nition 
of tumor tissue from T2-weighted or CE-enhanced MRI. But 
these data lack information of tumor heterogeneity and poten-
tial tumor infi ltration. Further, discrimination of tumor tissue 
may be diffi cult for infi ltrating gliomas. In MR spectroscopic 
imaging (MRSI), all spectra of a selected slice are acquired 
simultaneously applying encoding gradients between the 
excitation pulse and the acquisition period. After spatial 
Fourier transformation, the spectroscopic image is obtained 
as a matrix of the dimension N X  × N Y , where N X  and N Y  
denote the number of phase encoding steps in each direction 
within the slice. For each matrix, a spectrum can be calcu-
lated representing the metabolic information for the voxel 
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attributed to the matrix element. Signal intensities and their 
ratios can be visualized as a grid overlay on the anatomical 
image providing parameter maps for the concentrations for 
specifi c metabolites or metabolite concentrations ratios (spec-
troscopic image, Fig.  1 ). The anatomical reference image 
should have been recorded with identical angulation and slice 
offset. Such spectroscopic images provide a retrospective 
defi nition of the center and the extent of tumor tissue, while at 
the same time reference spectra are available from normal-
appearing tissue (Fig.  2 ). The resolution can be as low as 
0.75 × 0.75 × 1.00 cm 3  at suffi cient signal to noise ratio (S/N), 
but this requires phase encoding for the entire matrix. 
Consequently, acquisition of a data set with conventional 
MRSI techniques takes more than 15 min (see below) which 
might not be tolerated by many patients especially when per-
formed in addition to the other modalities (Chaps.   MR 
Imaging of Brain Tumors    ,   MR Spectroscopic Imaging    ,   MR 
Perfusion Imaging    , and   Diffusion-Weighted Methods    ) rou-
tinely applied in the MR examination. Modifi cations of the 
basic MRSI sequence which can reduce the data acquisition 
time or/and provide multi-slice data will be discussed in the 
next section. Details of biochemical and clinical aspects of 
metabolic changes will be discussed in a dedicated section.  

1.2     Summary of Spectroscopic Imaging 
Techniques Applied in Tumor 
Diagnostics 

 For an in-plane resolution of 7.5 × 7.5 mm 2 , the 32 × 32 
matrix shown in Figs.  1  and  2  had to be recorded at a 240 mm 2  
FOV. Acquisition of the entire k-space at a repetition time of 

1.5 s would take 1,024 × 1.5 s or 26 min. Together with the 
preparation period (extensive shimming, adjustments for 
water suppression), the MRS examination may add another 
30 min. to the conventional imaging examination. Reduction 
of measurement time and optimized automatic adjustments 
for the preparation period are therefore essential for a 
 successful MRS protocol. The latter has been addressed in 
the modern scanners by the use of image-guided shimming 
procedures and implementations of routines for automatic 
adjustments of water suppression. These tools can reduce the 
preparation time to less than 1 min. 

 The rather extensive acquisition times required for the 
complete k-space can also be reduced. Without signifi cant 
loss in spatial resolution, a 28 × 28 matrix can be recorded 
and extrapolated to 32 × 32 by adding zeroes before Fourier 
transformation, which will reduce the total acquisition time 
to 20 min. Selection of a circular (elliptical in case of rectan-
gular FOV) k-space area centered around the origin will save 
another 25 % of acquisition time without seriously affecting 
the spatial resolution (Maudsley et al.  1994 ). The use of a 
rectangular FOV could also save up to 30 % (Golay et al. 
 2002 ) resulting in a total acquisition time between 10 and 
15 min. Further reduction in acquisition time can be achieved 
with fast imaging techniques like echo planar spectroscopic 
imaging (EPSI) and parallel imaging method (Posse et al. 
 1995 ; Zierhut et al.  2009 ; Ozturk et al.  2006 ; Sabati et al. 
 2014 ) or multiple spin-echo spectroscopic imaging (MSESI) 
(Duyn and Moonen  1993 ). These techniques scan more than 
one phase encoding step for a single excitation pulse, provid-
ing the respective acceleration factors, and allow acquisition 
of 3D MRSI data with suffi cient spatial resolution in reason-
able scan time.  

a b c

  Fig. 1    MRSI parameter maps for NAA and tCho of a patient with glio-
blastoma. The  left panel  ( a ) shows a T2-weighted MRI with a grid over-
lay indicating the spatial resolution of the MRSI data. The  white frame  
marks the area selected for spectroscopy using the PRESS excitation 
scheme. The glioblastoma is located left paracentral; the adjacent para-
sagittal cortex is slightly blurred on both sides with a mild increase in 

signal intensity. The color-coded maps show the regional distribution of 
the metabolites NAA ( b , marker for intact neuronal tissue) and tCho ( c , 
marker for proliferating cells). The tCho concentration increase is inho-
mogeneous showing tumor infi ltration into the cortex of both hemi-
spheres (Figure already published in Nervenartz 2014)       
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a b

c d

  Fig. 2    Monitoring lactate. Short (30 ms, upper traces) and long 
(lower traces) from a patient with glioma grade IV. ( a , T2-weighted 
MRI with a grid overlay indicating the spatial resolution of MRSI). 
The three panels with spectroscopic data show normal-appearing tis-
sue ( b ,  yellow-marked  voxel in the MRI), necrotic tissue ( c ,  central 

red-marked  voxel in the MRI), and CSF ( d ,  right red-marked  voxel in 
the MRI). Lactate is visible as a doublet (two signals with 8 Hz dis-
tance) at 1.3 ppm. The signals are inverted at long TE. Note that the 
lipid signals at 1.2 ppm which are only visible at short TE are overlap-
ping with lactate       
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     Table 1    Important metabolites in 1H MRS and their signifi cance in brain tumors   

 Peak  Biology  Marker  Increase  Decrease 

 N-Acetyl-aspartate 
 NAA 

 2.02 ppm  Second-most-concentrated 
cerebral amino acid 
 Synthesis in neuronal 
mitochondria from the amino 
acid aspartic acid and 
acetyl-coenzyme A 
 Functions still under 
investigation 

 Neuronal marker 
 Neuronal integrity 

 –  Any neuronal 
damage (may be 
reversible) 

 Choline-containing 
compounds 
 Cho 

 3.2 ppm  Part of the hydrophilic head of 
the membrane phospholipid 
phosphatidylcholine (lecithin) 

 Cell density 
 Cell proliferation 
 Demyelination 

 High-grade glioma 
 Medulloblastoma, 
PNET 
 ATRT 

 Cell necroses 
 Gliosis 

 Total creatine 
 (phosphocreatine + 
creatine) 
 tCr (PCr + Cr) 

 3.03 and 3.94 ppm  PCr: storing and buffering of 
high phosphate-bound energy, 
provide quick regeneration of 
ATP 
 Cr: functions still under 
investigations, synthesis in 
oligodendrocytes associated 
with neuronal elements 
 Used for polyamine and 
methionine synthesis in tumor 
cells 

 Activation of glial 
cells 

 Gliomatosis 
 Some solid gliomas 
 Prognostic marker 
for PSF of WHO 
grade II and III 
astrocytomas 

 Metastases, 
necrosis, lymphoma, 
malignant glial 
tumors 

 Myo-inositol 
 MI, m-Ins 

 3.56 ppm 
 (complex signals in 
short TE) 

 Osmotic regulator within the 
astrocytes 
 Precursor of 
phosphatidylinositol (involved 
in metabolic pathway 
activating proteolytic enzymes) 

 Osmolyte 
 Not defi ned 

 Gliomatosis 
 Low-grade 
astrocytomas 
 Schwannomas 
 Choroid plexus 
papilloma 

 Metastases 
 High-grade gliomas 

 Glycine 
 Gly 

 3.56 ppm  Simplest amino acid 
 Increased synthesis in glioma 
cells (serine 
hydroxymethyltransferase) 
 Utilized for de novo purine 
biosynthesis 

 Not defi ned 
  a Tumor cell 
proliferation 

 High-grade gliomas 
 Medulloblastoma 

 Normally not 
measurable, 
negligible 

 Lipids  Two large peaks at 
0.8–0.9 ppm and 
1.2–1.3 ppm 

 Mobile lipids, lipids in 
droplets 

 Cell necrosis  Necrosis of 
high-grade gliomas 
 Metastases and 
meningioma 
 Lymphomas 
 Radio-necrosis 

 Normally not 
measurable, 
negligible (cave 
artifacts from skull) 

 Lactate  Double-peak at 
1.33 ppm, in 
long-TE (135 ms) 
inverted 

 Product of glycolysis  Anaerobic 
glycolysis 

 Unspecifi c: tumor 
(more often in 
high- but also in 
low-grade glioma) 
necrosis, cysts, 
infl ammation 

 Normally not 
measurable 

 Taurine  3.4 ppm 
 (complex signals in 
short TE) 

 Abundant in developing 
cerebellum and isocortex; 
involved in cell shrinkage 
during apoptosis 

 Putative marker of 
apoptosis 

 Medulloblastoma  Low-grade pilocytic 
astrocytoma, 
choroid plexus 
papilloma 

 Alanine  Double-peak at 
1.5 ppm in long-TE 
(135 ms) inverted 

 Amino acid  Meningioma, 
abscess 

 Normally not 
measurable 

    a Jain et al. ( 2012 )  
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1.3     Partial Volume Effects Due 
to Low Resolution 

 Metabolite concentrations from lesions smaller than the grid 
resolution will be affected by the concentration in the sur-
rounding tissue and changes may be masked, i.e., choline 
concentrations will be underestimated while NAA concen-
trations will be overestimated. Also, special care should be 
taken when nominal matrix size (i.e., the number of phase 
encoding steps in each direction before extrapolation by add-
ing zeroes) is rather small (<16 × 16), since this causes sig-
nifi cant blurring due to the poor point spread function leading 
to “bleeding” of signal intensity between adjacent voxels. 
Signal bleeding also becomes signifi cant when the grid reso-
lution (resolution after adding zeroes) exceeds the nominal 
resolution signifi cantly; thus, digital resolution enhancement 
by more than a factor of 2 should be avoided. Partial volume 
effects should defi nitely be taken into account when the 
absolute quantifi cation of spectroscopic data is considered.  

1.4     Evaluation of Metabolite Concentrations 

 Spectroscopic data refl ect the concentration of a subset of 
brain metabolites. The accuracy of the related  information 
depends crucially on the approach used for data  quantifi cation. 
Generally, the spectrum is evaluated by measuring the area 
under the metabolite signals. This can be done either by 
numerical integration of metabolite peaks in phased (real) or 
magnitude (modulus) spectra or by using more sophisticated 
tools which basically perform a nonlinear fi t of the entire 
spectrum. Depending on the tool, the fi t is performed in the 
time domain using constraints (jMRUI (Naressi et al.  2001 ; 
Vanhamme et al.  1997 ), an offl ine tool which requires export 
of the data to an external workstation) or frequency domain 
(most processing tools which are provided by the vendor and 
operate on the scanner console; LCModel (Provencher  1993 ), 
offl ine data evaluation). All methods report signal intensities 
which are proportional to the respective metabolite concentra-
tion in the volume of interest (VOI). Conversion of the hard-
ware-specifi c units to absolute concentrations (i.e., mMol/l) 
requires a set of correction factors which depend on the used 
pulse sequence, hardware parameters like signal amplifi cation 
and coil loading, relaxation times (T1, T2) of the metabolites, 
as well as fractions of GM, WM, and CSF in the VOI (par-
tial volume effects). Hardware parameters can be corrected 
for by using either the so-called phantom replacement method 
(Michaelis et al.  1993 ) or scaling relative to the water signal 
(Barker et al.  1993 ). The water must be recorded in a separate 
measurement, either as a separate MRSI data set which has 
to be corrected for T1 and T2 relaxations or by an imaging 
sequence with proton density contrast. Relaxation terms for 
metabolite signals from regular (healthy) tissue are available in 

several publications, but they may be changed in tumor tissue 
(Träber et al.  2004 ; Hattingen et al.  2007 ; Isobe et al.  2002 ). 
Further, the presence of contrast agents can lead to a decrease 
of signal intensity between 10 and 15 % (Smith et al.  2000 ; 
Sijens et al.  1997 ; Murphy et al.  2002 ). Correction for partial 
volume effects requires at least one more additional imag-
ing sequence and further calculations. A rather quick method 
which only takes into account the CSF fraction was described 
by Horská et al. ( 2002 ), while analysis of GM, WM, and CSF 
fraction requires tissue segmentation which can be very time 
consuming. Therefore, a thorough data evaluation in terms of 
absolute concentrations should be reserved for research stud-
ies aimed at metabolic differences between different groups of 
patients (e.g., different tumor entities) and longitudinal stud-
ies, while for diagnostic purposes a semiquantitative approach 
just comparing metabolite intensities from tumor tissue and 
normal-appearing  tissue from the  contralateral side may be 
suffi cient. Immediate information of the extent of change of 
metabolite concentrations or their ratios can be visualized in 
the MRSI metabolite map (Figs.  1  and  3 ). However, one should 
be aware of artifacts (see below).

1.5        Artifacts in Metabolite Maps 

 Spectroscopic imaging data are frequently visualized as 
metabolite maps, i.e., for each metabolite the concentration 
is displayed either as a grayscale image or as a color-coded 
overlay on an anatomical image. While this provides the 
most intuitive picture of the results, special care should be 
taken when interpreting these maps. Local fi eld inhomoge-
neities due to calcifi cation or deposits of paramagnetic 
hemosiderin which occur in the vicinity of areas with for-
mer bleeding can shift and distort signals, spoiling the data 
analysis algorithm applied to obtain the signal intensities 
for the specifi c metabolites. Especially for voxels crucial 
for diagnostic decision (e.g., with highest choline), the cho-
line hot spots or Cho/NAA signal intensities require an 
inspection of the entire spectrum to exclude excessive line 
broadening and baseline distortions which usually prohibit 
a reasonable signal analysis by integration or fi tting rou-
tines, leading to false values for metabolite concentrations 
or their ratios. Intense lipid signals originating from necrotic 
areas as well as from fat deposits in the skull base, soft tis-
sue, and orbit can also distort the baseline. These lipid sig-
nals can even appear in the spectra and should not be 
misinterpreted as tumor necrosis (Fig.  4a ). An excellent 
description how to judge the quality of the spectra is given 
by Kreis ( 2004 ). Rapidly growing tumor cells typically 
have marked increase of glycolytic rates even if oxygen is 
abundant (Warburg effect (Warburg  1956 ), see below), and 
lactate is considered as a marker for increased glycolysis. 
Lactate in tumor tissue coincides with the lipid signal but 
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  Fig. 3    Parameter maps for NAA ( upper right ) Cho ( lower left ) and the 
ratio Cho/NAA ( lower right ) from a glioblastoma ( a ) and a metastasis 
( b ). Note the higher relative ratio Cho/NAA compared to the normal 
tissue in the glioblastoma ( a ) compared to the metastasis ( b ) due to a 

marked increase of choline signal intensity in the glioblastoma ( a ). The 
Cho/NAA ratios of the glioblastoma ( a ) are moderately increased out-
side the tumor mass, indicating tumor cell infi ltration. In contrast, the 
Cho/NAA map of the metastasis shows clearer margins of the tumor ( b )         

a

can be easily distinguished from lipid (Kuesel et al.  1996 ), 
since only lactate shows a doublet signal (i.e., two peaks of 
identical intensity separated by 7.4 Hz) which will be 
inverted at an echo time of 135 ms (Fig.  2 ). At B0 fi eld 
strength of 3 T, the doublet structure of lactate may be less 
visible due to increased line broadening at higher fi eld 
strengths but signal inversion can still be exploited for dis-
crimination of lactate from lipid.

2         Tumor Metabolism 

 A major characteristic of brain tumors is the altered metab-
olism. In recent years it has become clear that biological 
modifi cations in tumor tissue are evident through metabolic 
 alterations which may be of great importance in therapy resis-
tance (Tennant et al.  2010 ). This chapter describes changes in 
 metabolic pathways which are typical for tumor tissue and can 
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be measured by MR spectroscopy. Identifying those features 
may be useful for the diagnosis or treatment of brain tumors. 

 Tables  1  and  2  show an overview of the most important  1 H 
and  31 P metabolites for brain tumors. Representative  1 H and 
 31 P spectra from gliomas with different tumor grades are 
shown in Figs.  4  and  5  .

   A basic metabolic alteration in malignant cells is the phe-
notype which performs aerobic glycolysis even in the pres-
ence of oxygen whereas oxidative phosphorylation is 
suppressed (Warburg  1956 ). Enhanced lactic acid production 
through glycolysis causes extracellular acidosis. To counter-

act the intracellular proton accumulation, the activity of H +  
 extruding and buffering pathways like the Na + /H +  exchanger 
or the transmembrane carbonic anhydrases is upregulated 
(Chiche et al.  2009 ; McLean et al.  2000 ). Thus, the extracel-
lular environment gets more acidic while the intracellular pH 
increases. The maintenance of an alkaline intracellular pH in 
tumor cells supports cellular proliferation, whereas extracel-
lular acidosis promotes angiogenesis. Phosphorus spectros-
copy is the only noninvasive method measuring both 
intracellular pH and the high-energy phosphate compounds 
ATP and PCr (Negendank  1992 ; Hattingen et al.  2011 ). 

b

Fig. 3 (continued)
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c

a

  Fig. 4    Representative  1 H spectra in gliomas of different WHO grades. 
Short TE (30 ms) from brain tumors depicting a low-grade ( a ), a grade 
III ( b ), and a heterogeneous grade IV tumor ( c ). Each panel with spec-
troscopic data shows spectra from the voxels marked in the respective 
MRI on the left with the upper trace referring to the tumor voxel ( red ) 

and the lower trace referring to the contralateral, normal appearing tis-
sue voxel ( yellow ). Due to its more frontal position, spectra from the 
low-grade tumor are broadened and therefore plotted with an extended 
y-scale. Note: The grade III tumor shows the most enhanced tCho 
signal         

Suppressed oxidative energy metabolism as a result of tumor 
hypoxia and repressed mitochondrial function may induce a 
decrease in high-energy phosphates like ATP and phospho-
creatine (Papandreou et al.  2006 ). 

 Further, energy consumption is increased in neoplastic 
transformations to provide protein and nucleotide synthesis 
(Susa et al.  1989 ). The glycolytic pathway is linked with 

amino acid production. Serine as intermediate from 
3- phosphoglycerate seems to be increased in proliferating 
cells (Snell  1984 ). Serine hydroxymethyltransferase, cata-
lyzing the reversible reaction of serine to glycine, is highly 
activated in cultures of rat glioma cells (Kohl et al.  1980 ). 
Glycine, one product of this reaction, is measurable by pro-
ton spectroscopy. It has been shown that glycine is increased 
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in malignant gliomas (Jain et al.  2012 ; Lehnhardt et al.  2005 ; 
Hattingen et al.  2009 ; Kinoshita et al.  1994 ; Maudsley et al. 
 2014 ). The other product, 5,10-methylene- tetrahydroxyfolate, 
is utilized for purine and nucleotide synthesis. Therefore, 
glycine might be considered as a surrogate marker of 
enhanced glycolysis and nucleotide synthesis. 

 However, the glycine signal is overlapping with the signal 
from myoinositol (MI) at 3.56 ppm, requiring special mea-
sures for discriminating MI from glycine as described in  
Chap.   Future Methods in Tumor Imaging    ). Increased MI 
concentrations or ratios of MI to creatine were detected in 
tumors, but also in multiple sclerosis, Alzheimer’s disease, 
and in other metabolic and infl ammatory white matter dis-
eases as well as in tuberous sclerosis. Common to all of these 
pathologies is augmented astrocytic proliferation and demy-
elinization. Therefore, the role of this metabolite in main-
taining cell volume in reactive astrocytes is discussed 
(detailed discussion and references in Hattingen et al.  2008 ). 

 An increased choline signal intensity is frequently 
observed in  1 H MRS data from tumor tissue (Figs.  3a ,  4b , 
and  6 ) and has been attributed to rapidly proliferating cells 
(Herminghaus et al.  2002 ; Guillevin et al.  2008 ). In conjunc-
tion with the decrease of the NAA ( N -acetyl-aspartate and 
 N -acetyl-aspartylglutamate) signal intensity due to neuronal 
loss, the tCho/NAA ratio is considered as the most promi-
nent marker for tumor tissue in MRS (Figs.  1 ,  3a ,  4b , and  6 ). 
Modulations of phospholipid turnover, which is in part 

described by the Kennedy pathway (Kennedy  1957 ), play a 
pivotal role in the tumor metabolism (Podo  1999 ). In brief, 
this pathway describes synthesis of phosphatidylcholine via 
choline and phosphocholine (PCho) and its breakdown via 
glycerophosphocholine (GPC). However,  1 H MR spectros-
copy detects only total choline (tCho) as the sum of free cho-
line, PCho, and GPC. Consequently,  1 H MRS cannot 
differentiate between PCho and GPC changes, whereas  31 P 
spectroscopy can (Fig.  5 ). There is increasing evidence that 
the metabolites PCho and GPC play an important role in 
tumorigenesis with high PCho/GPC ratios indicating malig-
nant phenotype of a brain tumor (Hattingen et al.  2013 ).

   In vitro studies showed that PCho is the dominant 
membrane lipid metabolite in proliferating tumor cells 
and tumor tissues (Gillies et al.  1994 ). PCho is formed by 
 phosphorylation of choline by the cholinkinase α which is 
over-expressed in many malignant tumors including glioma 
cell lines (Glunde and Bhujwalla  2007 ). Several oncogenes 
increase choline kinase activity and hypoxia-inducible fac-
tor 1 alpha signaling upregulates choline kinase expression 
(Glunde et al.  2008 ). Apart from its role as a phospholipid 
membrane precursor, PCho may also act as a second mes-
senger in cell growth signaling (Gillies et al.  1994 ; Cuadrado 
et al.  1993 ; Aiken and Gillies  1996 ). Aiken and Gillie  1996  
found increased PCho content of rat glioma cells, which 
decreased during the conversion from the exponential growth 
to stationary growth phase. Ex vivo MR spectroscopic 

c

Fig. 4 (continued)
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   Table 2    Metabolites measurable with in vivo  31 P MR phosphorus spectroscopy in brain tumor   

 Metabolite  Peak  Biology  Marker  Increase  Decrease 

 Phosphocholine 
 PCho, PC 

 6.2 ppm  Precursor of the membrane 
phospholipid 
phosphatidylcholine 
(lecithine) 
 Cho phosphorylation is 
catalyzed by choline kinase 
(CK) 
 High levels of expression and 
activity of CK promotes tumor 
cell growth 

 Tumor cell 
proliferation 

 Proliferating 
high-grade glioma 
cells (animal model) 
 Elevated PCho/GPC 
implies 
transformation of 
grade II to grade IV 
glioma (Elkhaled 
et al.  2014 ) a  and 
GBM progression 

 Putative decrease 
under HIF1α 
inhibitor treatment 
(Venkatesh et al. 
2012) a  

 Glyceropho-
sphocholine 
 GPC 

 2.9 ppm  Metabolite of the degradation 
pathway of phosphatidyl-
choline by phospholipases 

 Low-grade glioma 
(relative increase to 
tCho) (Righi et al. 
2009) 

 High-grade glioma 
(Elkhaled et al. 
2014; Righi et al. 
2009; Venkatesh 
et al. 2012) 
 rGBM (Hattingen 
et al. 2013) 

 Phospho-
ethanolamine 
 PEth, PE 

 6.8 ppm  Precursor of the membrane 
phospholipid 
phosphatidylethanolamine 
(cephaline) 

 Tumor cell 
metabolism 

 In vivo tumors 
(Mintz et al. 2008) 
 Elevated PEth/GPE 
in rGBM (Hattingen 
et al. 2013) 
 Lymphoma (ex vivo 
liquid 
chromatography) 
(Kinoshita et al. 
1994) 

 Glycerophospho-
ethanolamine 
 GPE 

 3.5 ppm  Metabolite of the degradation 
pathway of phosphatidyl-
ethanolamine by 
phospholipases 

 Putative marker of 
GBM 

 Tumor cell 
apoptosis (rat 
glioma) (Valonen 
et al. 2005) a  

 Recurrent GBM 
(Hattingen et al. 
2013) 

 Phosphocreatine 
 PCr 

 0.0 ppm  Reserve of high-energy 
phosphates 
 Donator of the phosphate 
group to ADP to form ATP 
catalyzed by phosphokinase 

 High-energy storage  ATP/Pi increase 
under BCNU 
(animals) 

 Brain tumors (rat 
glioma) (Ross et al. 
1988), rGBM 
(Hattingen et al. 
2013) 

 Adeosine 
triphosphate 
 ATP 

 −2.5 ppm (doublet) 
 −7.6 ppm (doublet) 
 −16.1 ppm (triplet) 

 High-energy source for many 
cellular processes such as cell 
division and biosynthetic 
reaction 
 ATP is replenished from ADP 
an Pi mainly by energy from 
cellular respiration 

 High-energy 
metabolism 

 Not clear (most 
studies used ratios), 
ATP/Pi increase 
under BCNU 
(animals) 

 (Pre)treated brain 
tumors (animal 
tumors, rGBM) 
(Naruse et al. 1985; 
Hattingen et al. 
2013) 

 Inorganic phosphate 
 Pi 

 4.7–5.4 ppm 
(position changes 
with pH) 

 Low-energy state of phosphate  Part of 
phosphokinase 
reaction 

 (Pre)treated brain 
tumors (animal 
tumors, rGBM) 
(Naruse et al. 1985; 
Hattingen et al. 
2013) 

 Intracellular pH  Chemical shift 
difference between 
PCr and Pi 

 Upregulation of H +  extruding 
and buffering pathways (Na + /
H +  exchanger, transmembrane 
carbonic anhydrases) 
 More acidic extracellular 
environment enhances the 
tumor invasiveness and 
angiogenesis 

 Intracellular H +  
production (through 
glycolysis) 

 Intracellular 
alkalosis in 
high-grade gliomas 
(Oberhaensli et al. 
1986) 

   Chemical shift values are referenced to PCr, which was set to 0 ppm 
  a Observations are results from  ex vivo  proton high-resolution magic angle spinning spectroscopy  
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studies of human brain tumors could further show that the 
PCho concentration is increased in high-grade gliomas com-
pared to low-grade tumors (McKnight et al.  2011 ; Vettukattil 
et al.  2013 ), but the same studies yielded inconclusive results 
regarding the GPC concentrations in these glioma speci-

mens. It remains unclear whether low- grade gliomas have 
higher GPC concentrations compared to high-grade tumors. 
The amount of GPC might be predominantly infl uenced by 
molecular genetic markers and not by the tumor grade. It 
has been shown that glioma tissue specimens with oncogenic 

a

b

  Fig. 5    Representative  31 P spectra in gliomas of different WHO grades. 
 31 P spectra from a low-grade glioma ( a ) and a heterogeneous glioma 
grade IV ( b ). Upper traces represent data of tumor tissue from the  red-
marked  voxel in the MRI, while lower traces refer to the contralateral 
normal-appearing tissue from the  yellow  voxel in the MRI. Note: 

Increased GPE and PE signals in the low-grade tumor, while GPE is 
decreased in the glioma grade IV. Broadening of the inorganic phos-
phate signal in the glioma grade IV indicates increased intracellular pH 
in the tumor tissue       
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IDH1 mutations have signifi cant higher GPC concentration 
levels compared to tumors without this mutation (Constantin 
et al.  2012 ). Studies in endometrial and ovarian cancers 
showed that higher activity of the GPC- cleaving enzyme 
glycerophosphodiesterase increases migration capacity of 
tumor cells (Papanagiotou et al.  2007 ). High activity of this 
enzyme lowers the GPC concentration releasing free choline 
which can be converted into PCho. 

 Most of the in vitro results were obtained from tumor cell 
cultures or tumor xenografts in animal models, representing 
cells growing as focal mass similar to the majority of body 
tumors. In contrast, diffuse human gliomas frequently infi l-
trate large areas of normal brain tissue without signifi cant 
functional and structural impairment of the host tissue until 
tumor necrosis and angioneogenesis occur. The prototype of 
this growth pattern is the gliomatosis cerebri which largely 
infi ltrates different lobes of the brain by sparsely distributed 
glioma cells in mostly oligo-symptomatic patients. Further, 
the mitotic rate of human gliomas is quite low compared to 
most experimental tumor models. Thus, concentrations of 
metabolites indicating growing tumor cells might be below the 
detectable limit due to large contributions from regular brain 
tissue. However, cells from infi ltrated normal brain tissue may 
react to the presence of tumor cells by changing their metabo-
lism too. Some metabolites detected in gliomas by proton 
spectroscopy may represent this activated non- neoplastic 
brain tissue. Especially myoinositol and creatine, which are 
increased in gliomatosis cerebri and some low- grade tumors, 
seem to be rather markers of reactive gliosis than indicators of 
typical tumor metabolism (Hattingen et al.  2008 ).  

3     Tumor Grading and Heterogeneity 

 MR spectroscopy is only one part in the diagnostic work-up of 
a space-occupying lesion. There is neither a specifi c tumor 
metabolite nor a specifi c spectroscopic pattern which allows 
unambiguous diagnosis of a glioma. Further, larger glial 
tumors are commonly heterogeneous with regard to their 
malignancy and invasiveness, yielding regional-dependent 
spectral pattern which can be determined with 
MRSI. Consequently, this is the method of choice to depict 
tumor heterogeneity which is manifested in heterogeneous dis-
tribution of metabolite concentrations (Fig.  1 ). Further, the 
location of the MRSI slice can be adjusted to sample the con-
tralateral side providing individual reference metabolite con-
centrations from normal-appearing brain tissue in the same 
measurement. In tumors with vast necrotic areas, a vital debris 
dilutes all metabolites and sometimes only gives rise to large 
lipid signals which may even spoil the spectral quality (Fig.  2c ). 

 Fortunately, there is a spectroscopic pattern which is very 
characteristic for gliomas. As already mentioned, gliomas 
have high tCho signals refl ecting higher membrane turnover 
and cellular density, whereas NAA as marker of viable neuro-
nal tissue is considerably lowered. Thus, drawing a line con-
necting the tCho peak with the NAA peak normally yields 
a positive slope, while for non-necrotic high-grade gliomas, 
the slope is negative (Fig.  4b ). Diagnosis of a  cerebral tumor 
is unlikely if the NAA concentration is normal and partial 
volume effects are excluded (Papanagiotou et al.  2007 ; 
Hattingen et al.  2010 ). Although regular NAA concentra-
tions rule out tumor diagnosis, a decreased NAA signal is not 

TE = 30 ms TE = 144 ms

  Fig. 6    Diagnostic information from combined long and short TE spec-
tra in high-grade gliomas. Short (30 ms, middle panel and long (144 ms, 
 right panel ) TE spectra from glioma grade IV. The upper traces repre-
sent tumor tissue from the  red-marked  voxel in the MRI, while lower 
traces show contralateral normal-appearing tissue (  yellow-marked  voxel 

in the MRI). Note that only the short TE spectrum of the tumor shows a 
prominent lipid signal at 1.3 ppm. The signal at 3.6 ppm in normal-
appearing tissue almost disappears at the long TE, while this signal is 
clearly visible in tumor tissue for both TE. This indicates that the signal 
in tumor rather originates from glycine than from myoinositol       
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 specifi c for a tumor: NAA is synthesized in neuronal mito-
chondria and any brain disease severely affecting neuronal 
tissue can decrease NAA concentration levels. This is espe-
cially true for encephalitis or cerebritis, tumefactive demye-
linating lesions, and infarction. Similarly, regular tCho signal 
intensity in all voxels of a non-necrotic space- occupying 
lesion will exclude high-grade gliomas with high accuracy. 
But a normal tCho does not exclude any glioma, since glio-
neuronal tumors, WHO grade II astrocytomas, and glioma-
toses often show normal or only slightly increased choline 
concentrations (Fig.  4a ). On the other hand, high tCho sig-
nals may be found in pilocytic astrocytomas (Porto et al. 
 2010 ), acute brain diseases with high cell membrane turnover 
like encephalitis, acute demyelinating diseases (Blasel et al. 
 2011a ), active dysmyelination, tuberculosis, and acute radia-
tion injury. Further, lipid signals and lactate are frequently 
described as tumor metabolites. Lipid signals may occur in 
tumors without obvious necrosis on conventional MRI, indi-
cating microscopic or even intracellular lipids in high-grade 
gliomas. However, each of the above mentioned aggressive 
brain diseases may also yield lipid and lactate signals from 
necroses and hypoxia. High concentrations of myoinositol 
and creatine are reported in gliomatosis cerebri and lower-
grade astrocytomas, but also in other brain diseases with aug-
mented astrocytic proliferation and demyelinization (detailed 
discussion and references in Hattingen et al.  2008 ). 

 Several studies investigated the accuracy of proton spec-
troscopy to differentiate between tumors and non-neoplastic 
lesions and to differentiate low-grade from high-grade glio-
mas. The differentiation between high-grade and low-grade 
tumors and differentiation between astrocytoma and oligo-
dendroglial tumors are both decisive for therapeutic decisions. 
High-grade brain tumors are usually treated more aggres-
sively than low-grade tumors, and higher-grade oligodendrog-
lial tumors are more sensitive to chemotherapy than other 
tumor entities. A detailed overview and description of these 
studies is provided by Horská and Barker ( 2010 ). The main 
drawback of the presented studies is the limited comparability 
due to the differing methodological approaches: SVS versus 
MRSI, different echo times, different post processing, and 
various metabolite ratios. Using ratios between different 
metabolites has the advantage of higher sensitivity if it is obvi-
ous that both metabolite concentrations change in the opposite 
direction. This is the case for the Cho/NAA resp NAA/Cho 
ratio in neoplastic lesions (Fig.  3a ) (Stadlbauer et al.  2007 ; 
Vuori et al.  2004 ; Nelson  2001 ). However, for some metabo-
lites like creatine and myoinositol, increase and decrease in 
concentrations were observed. The evaluation of creatine and 
myoinositol in brain tumors has important diagnostic and also 
prognostic value. Normally, both metabolite concentrations 
are decreased in brain tumors. However, elevated creatine and 
myoinositol levels have been found especially in low-grade 
gliomas. Higher creatine concentrations compared to normal 

brain tissue were correlated with shorter progression-free sur-
vival (Hattingen et al.  2010 ). Higher myoinositol levels in 
brain tumors may support the diagnosis of a low-grade astro-
cytoma (Castillo et al.  2000 ), whereas higher glycine concen-
trations were found in high-grade gliomas as demonstrated in 
Fig.  6  (Hattingen et al.  2009 ; Davies et al.  2010 ). 

 Alternatively, heterogeneity of a tumor can be evaluated 
with MRSI analyzing a maximum metabolite level of the 
tumor related to the same metabolite from the contralateral 
healthy tissue (Di Costanzo et al.  2008 ). This approach 
yields a normalized value which takes interindividual and 
regional metabolite variations into account. The maximum 
normalized tCho (hot spot) is also a qualifi ed value for grad-
ing non-necrotic gliomas, and the respective voxel might be 
the target of stereotactic biopsy (Hermann et al.  2008 ; Senft 
et al.  2009 ). The selection of voxel with potentially most 
malignant tumor tissue is important for tumors in eloquent 
brain regions which have to be left partially in place. 

 The peri-enhancing tumor regions should also be sampled 
and analyzed with MRSI. In contrast to metastases, gliomas 
infi ltrate brain areas beyond the enhancing area, showing 
elevated tCho concentrations (Fig.  1 ) and increased Cho/
NAA ratios (Fig.  3a ) in surrounding tissue (Stadlbauer et al. 
 2007 ; Di Costanzo et al.  2008 ). An investigation of the peri- 
enhancing border zone has also therapeutic relevance. 
Considering that all areas of viable tumor have to be targeted 
with high radiation dose, the “invisible” marginal zone might 
be undertreated. Recurrent tumors mostly occur in these mar-
ginal zones (Blasel et al.  2011b ). Thus, integration of MRSI 
and/or MR perfusion in the treatment planning of high-grade 
gliomas would target more tumor tissue and might prolong 
progression-free survival of the patients. This has already 
been shown for Gamma Knife surgery (Chan et al.  2004 ). 

 Although phosphorus spectroscopy seems to be closer to the 
tumor biology, investigation of tumor heterogeneity or peri-
enhancing tumor area is not possible due to its limited spatial 
resolution. An impression of the rather coarse grid size for  31 P 
MRS can be obtained by comparing the grids in Figs.  4  and  5 . 

3.1     Some Aspects of Differential Diagnosis 

 Bearing in mind the above described limitations, MR spec-
troscopy should only be used in conjunction with MR imag-
ing and age and clinical symptoms of the patient to avoid 
misdiagnosis. The best diagnostic accuracy can be achieved 
by combining advanced imaging techniques (Tzika et al. 
 2003 ; Chang et al.  2009 ). Diffusion-weighted imaging is the 
best method to diagnose an abscess; MR perfusion of the 
tumor and the peri-enhancing region is highly accurate in 
grading gliomas and in differentiating infi ltrated from focal, 
non-infi ltrating brain tumors (Di Costanzo et al.  2008 ). 
Hereby, it is worth to mention that primary CNS lymphomas 
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are also infi ltrating brain tumors showing increased blood 
volume outside the enhancing area (Blasel et al.  2013 ). 
Inside the enhancing area of CNS lymphoma, the spectro-
scopic pattern is “an intermediate” between high-grade glio-
mas and metastases, showing intermediate tCho increase and 
prominent lipid peaks at short TE (Harting et al.  2003 ). The 
lipid increase might be invisible in long TE MR spectra. 

 Metastases from different primary tumors show diverse 
spectroscopic pattern according to their biological hetero-
geneity. The Cho signal intensity is elevated in solid and 
proliferating metastases, but most metastases show only 
moderate Cho increase (Fig.  4b ). Huge lipid signals are 
found in necrotic glioblastomas, but lipids are also the dom-
inant peaks in most of the metastases (Fig.  7 ) (Poptani et al. 
 1995 ). Further, the Cho/NAA ratios of metastases from 
peritumoral areas differ from the ratios in infi ltrating glio-
mas, indicating the lack of tumor infi ltration in the former 
(Server et al.  2010 ).

   There are some metabolites which are indicative, but 
not absolutely specifi c for special tumor entities (Table  1 ). 
Taurine is an organic acid with many fundamental biologi-
cal roles such as osmoregulation, antioxidation, membrane 
stabilization, and modulation of calcium signaling. High 
taurine signal intensities have been found in primitive neu-
roectodermal tumors (PNET) including medulloblastomas 
(Panigrahy et al.  2006 ; Kovanlikaya et al.  2005 ). Alanine, 
an amino acid, is found in meningiomas (Poptani et al.  1995 ; 
Kugel et al.  1992 ), but also in abscesses. The spectra of the 
later  typically also show an increase of other amino acids. 
Multiplets of amino acids (0.9 ppm), lactate (at 1.3 ppm), 
and alanine (at 1.5 ppm) can be differentiated from lipids 
by their inversion with a long TE (135–144 ms) (see also 
Fig.  2  for detection of lactate). Amino acid increase in bacte-
rial abscesses results from enhanced glycolysis yielding high 
levels of pyruvate, which is the substrate for the amino acid 
synthesis of alanine and others. 

  Fig. 7    Monitoring lipids. Typical spectra from the two cases shown 
as parameter maps in Fig.  3 . Lower traces show the normal-appear-
ing tissue ( yellow mark  in the MRI at  left panel ) while upper traces 
show tumor tissue ( red mark  in the MRI). Note that lipid signals vis-

ible at short TE (spectra in  middle panel , upper trace) for the glio-
blastoma ( a ) are not visible in the long TE spectra ( right panel ), 
while for the metastasis ( b ) spectra for both TE show lipids         

a
TE = 144 msTE = 30 ms

b
TE = 144 msTE - 30 ms
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3.1.1     Using Sophisticated Analysis Schemes 
and/or Pattern Recognition Techniques 

 Apart from the above-described method of parameterizing 
MRS data in terms of metabolite concentrations, a different 
attempt has been made in using pattern recognition techniques 
for the entire spectrum, determining spectral profi les for each 
tumor type (Opstad et al.  2007 ; Tate et al.  1998 ,  2006 ).    

4     Prognostic Markers 

 Prognostic markers are applicable to tumors without treat-
ment, whereas in treated tumors only the predictive value of 
a metabolite can be evaluated. Only few studies with limited 
patient numbers investigated predictive or prognostic value 
of tumor metabolites. Multimodal approaches combining 
different values from various methods may lack of practi-
cality and comparability between institutions. The impact 
of most spectroscopic studies in this area is limited by par-
tial or even total lack of histopathological confi rmation. 
Histopathologically proven studies showed that monitoring 
a tumor with MR spectroscopy may increase sensitivity and 
specifi city to detect tumor progress or malignant transforma-
tion (Rock et al.  2002 ). Tedeschi et al. reported a continuous 
increase in the tCho signal to the time point of malignant 
transformation in low-grade tumors (Tedeschi et al.  1997 ), 
and Graves at al. found a tCho increase in recurrent 
 malignant gliomas after Gamma Knife radiosurgery (Graves 
et al.  2001 ). But one should keep in mind that transient tCho 
increase might also occur in the radiated brain tissue. 

 As already mentioned, high normalized creatine concen-
trations in untreated WHO grade II and III gliomas are cor-
related with shorter progression-free survival. The role of 
creatine in glial tumors is unknown. Most spectroscopic 
studies used metabolite ratios related to creatine, which lacks 
information on the real creatine concentrations. No creatine 
increase was found in glioma cells ex vivo, suggesting that 
the increase rather originates from (reactive) glial cells of the 
infi ltrated brain. Further, as the creatine signal in  1 H spectra 
represents the sum from unphosphorylated and phosphory-
lated creatine, the information on tumor energy metabolism 
obtained from intensity changes of this signal is limited and 
relies on additional assumptions regarding its composition 
and compartmentalization (Hattingen et al.  2010 ).  

5     Treatment Monitoring 

 The main drawback of proton spectroscopy in treated high- 
grade gliomas is the small fraction of viable and solid tumor 
tissue in a brain area with suffi cient fi eld homogeneity to pro-
vide artifact-free spectra. Almost all patients are treated with 
radiation, and most patients receive at least one chemothera-

peutic regime. Therefore, most lesions are heterogeneous 
consisting of both progressive tumor and a considerable 
amount of pre-injured tissue (Rock et al.  2002 ). In our expe-
rience, a large amount of spectroscopic data do not match the 
criteria for spectral quality (Kreis  2004 ) to allow a reliable 
analysis of the metabolite concentrations. The same seems 
true for distinguishing pseudoprogression and true tumor 
progression. The so-called pseudoprogression is regarded 
as intense reaction to combined radiochemotherapy, which 
decreases without additional treatments thereafter. Until 
now, MR spectroscopy was not very successful in differen-
tiating pseudoprogression from real progression (Hygino da 
Cruz et al.  2011 ). 

 Therapy-induced brain injuries occur in about 20–30 % of 
patients treated with temozolomide radiochemotherapy. 
These lesions enhance early after radiation which may imi-
tate tumor progression (Brandes et al.  2008 ). For adequate 
therapy decisions, additional methods are required to differ-
entiate these reactions from real tumor growth. 

 Phosphorus spectroscopy might be the more appropriate 
method for treatment monitoring, since it is less prone to 
artifacts and, although of inferior spatial resolution, could be 
more specifi c by differentiating between the phosphomono-
esters and phosphodiesters. First data on a cohort of patients 
with recurrent glioblastomas, all treated with bevacizumab 
in the second line, yielded that PCho/GPC seems to be 
appropriate to predict survival time and also to detect tumor 
progress (Hattingen et al.  2013 ).     
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Abstract

Perfusion imaging is a powerful tool in the imaging of 
brain tumors, improving differential diagnostics, tumor 
grading, and the planning and monitoring of different ther-
apy modalities. Several technical approaches are available 
to characterize tumor perfusion; these methods are widely 
available, easy to apply, and the results provide essential 
additional information on brain tumor pathophysiology. 
This chapter provides a review of different perfusion mea-
surement techniques with exogenous or endogenous trac-
ers. The clinical application of perfusion measurements in 
neuro-oncological imaging is discussed in view of the 
pathophysiological background. The practical use of per-
fusion imaging in differential diagnosis and tumor grading 
is presented with regard to the prognostic value of the 
method. Applications in biopsy targeting and therapy 
planning are also discussed. In the last section of this chap-
ter, advantages and limitations of perfusion imaging in the 
follow-up of brain tumors are summarized.

Abbreviations

DSC	 Dynamic susceptibility contrast
DCE	 Dynamic contrast enhanced
CBF	 Cerebral blood flow [mL/100 mL/min]
CBV	 Cerebral blood volume [mL/100 mL]
MTT	 Mean transit time
TTP	 Time to peak
AIF	 Arterial input function
Ktrans	 Transfer coefficient

1	 �Key Points

• Tumor vessels are tortuous, wide, highly dense, and per-
meable—resulting in perfusion anomalies.
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• Perfusion parameters rCBV, CBF, and Ktrans—and their 
combinations—are good predictors of tumor grade (espe-
cially low-grade vs. high-grade) and outcome.

• Diagnostic accuracy is essentially augmented by perfu-
sion data.

• Perfusion data combined with other metabolic imaging 
modalities helps in detection of pseudoprogression and 
pseudoresponse of gliomas.

2	 �Methods

The delivery of oxygen and nutrients to cells via arterial 
blood through capillaries in biological tissue is referred to as 
perfusion. Blood flow—commonly used as a synonym of 
perfusion—denotes the rate of delivery of arterial blood to 
the capillary bed.

In a neuroradiological context, several surrogate markers 
have been derived to characterize tissue perfusion. The basic 
principle behind the measurement of perfusion-related 
parameters is the application of a tracer to the bloodstream, 
the distribution of which is then observed in the tissue. Since 
Stewart’s pioneering experiments, dating 1894 (Stewart 
1894), a variety of approaches have been developed. 
Appropriately sized microspheres being trapped in tissue 
have for a long time been considered to be the gold standard 
in perfusion imaging, at least in animal studies 
(Bassingthwaighte et al. 1990; Heymann et al. 1977). More 
recently, freely diffusible tracers and positron emission 
tomography (PET) made perfusion measurement suffi-
ciently noninvasive to allow an application in patients (Ter-
Pogossian and Herscovitch 1985; Raichle et  al. 1983; 
Frackowiak et al. 1980).

The first magnetic resonance imaging (MRI)-based con-
cepts of perfusion imaging emerged more than 20 years ago 
(Le Bihan 1992; Rosen et al. 1990; Villringer et al. 1988; 
Tofts and Kermode 1991) and have ever since been the sub-
ject of intense basic and clinical research. Because it yields 
valuable insights into tumor physiology and is widely avail-
able, MR perfusion imaging plays an important role in 
tumor differential diagnosis and grading as well as in ther-
apy monitoring and follow-up (Faehndrich et  al. 2011; 
Fatterpekar et al. 2012; Hattingen et al. 2008; Larsen et al. 
2013; Mills et  al. 2012; Wagner et  al. 2011; Blasel et  al. 
2010).

In this section, we outline the principles of MR-based 
perfusion imaging with respect to different contrast mecha-
nisms based on the manipulation of the longitudinal (T1) and 
transverse relaxation times (T2, T2*) as well as the implica-
tions of exogenous and endogenous contrast agent. Based on 
theoretical models that link MRI parameters with physiol-
ogy, several surrogate markers of tissue perfusion can be 
deducted. In the first line, these are the cerebral blood flow 

(CBF) denoting the rate of delivery of arterial blood to the 
tissue (commonly measured in [mL/100 mL/min]), the cere-
bral blood volume (CBV), i.e., the volume fraction of tissue 
occupied by blood vessels (commonly measured in 
[mL/100 mL] or [%]) and the mean transit time (MTT = CBV/
CBF). Useful phenomenological parameters are the bolus 
arrival time (BAT), time to peak (TTP), and relative MTT 
(rMTT, i.e., the full width at half maximum of the tissue con-
centration time curve). Furthermore, it is possible to deter-
mine a number of other markers characterizing vascular 
permeability and morphology like the volume transfer coef-
ficient Ktrans and the vessel size index (VSI).

2.1	 �Exogenous Tracer Methods

The most widespread methods for MR perfusion imaging 
rely on exogenous tracers, and the most common, clinically 
used contrast agents are chelates of paramagnetic gadolin-
ium (Caravan et  al. 1999), e.g., Gadolinium diethylene-
triamine-pentacetate (Gd-DTPA). These extracellular fluid 
agents are considered as intravascular agents within the 
brain—as long as the blood–brain barrier is intact.

MRI contrast agents generally induce a shortening of MR 
relaxation times (i.e., an increase in corresponding relaxation 
rates). For longitudinal T1 relaxation, this is induced by a 
dipolar interaction between nuclear proton spins and 
unpaired electrons of the paramagnetic contrast agent 
(Caravan et al. 1999; Hendrick and Haacke 1993) which pro-
duces a signal increase in T1 weighted images. In areas with 
a disrupted blood–brain barrier, T1-based methods also 
allow estimation of vascular permeability (Tofts and 
Kermode 1991). On the other hand, the compartmentaliza-
tion of a high magnetic susceptibility contrast agent within 
blood vessels produces long-range microscopic susceptibil-
ity gradients around the vessels, which accelerate transverse 
relaxation and thus effect a signal decrease in T2 or T2* 
weighted images (Villringer et al. 1988). The respective sig-
nal changes are measured via different imaging approaches, 
and perfusion-related parameters are deducted via appropri-
ate physiological models. In principle, it is possible to mea-
sure CBV by obtaining measurements in the steady state 
before and after the application of an intravascular contrast 
agent with either T2* (Varallyay et al. 2013) or T1 weighted 
images (Lu et al. 2005; Wirestam et al. 2007). However, the 
most common methods applied in modern brain tumor per-
fusion imaging rely on dynamic imaging, which are described 
in the following sections.

2.1.1	 �Dynamic Susceptibility Contrast MRI
In this most commonly applied method for perfusion imag-
ing, the passage of a bolus of contrast agent is observed via 
T2* weighted imaging, and perfusion parameters are 
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derived by means of tracer dilution theories. First experi-
ments were presented by Villringer et al. (1988). An intro-
duction to the basic principles of tracer kinetic models as 
well as their application to bolus tracking MRI is given by 
Buxton (2009a), and a number of reviews cover all possible 
aspects of dynamic susceptibility contrast perfusion imag-
ing (Le Bihan 1992; Calamante et  al. 2002; Ostergaard 
2004, 2005; McGehee et al. 2012).

In practice, a short bolus of contrast agent is injected into 
a peripheral vein and the subsequent signal changes occurring 
in the brain are monitored via T2* weighted imaging. Since 
the transit time of an intravascular agent is rather short (i.e., a 
few seconds), fast imaging methods are necessary to obtain a 
sufficient temporal resolution. Hence, echo planar imaging 
(EPI) (Turner et al. 1991), often in combination with parallel 
imaging (Deshmane et  al. 2012), is commonly used as it 
allows to cover large portions of the brain with a reasonable 
temporal resolution of about 1 s. While T2* weighted gradi-
ent echo EPI is the most common method, T2 weighted spin 
echo EPI can also be used (Speck et al. 2000). Figure 1 shows 
characteristic signal–time curves obtained with T2* weighted 
dynamic susceptibility contrast (DSC) imaging.

The challenge is now to transform the measured signal 
changes into valid measures of perfusion. Kinetic models 
relate the tracer concentrations in arterial blood Ca(t) and tis-
sue Ct(t) to CBF, CBV, and MTT (Buxton 2009a). For an 
arbitrary arterial concentration–time course Ca(t) (arterial 
input function, AIF), the tissue concentration–time course 
Ct(t) (output function) depends on the local cerebral blood 
flow (CBF) as follows:

	
C Ct at t CBF r t( ) = ( )⊗ ⋅ ( )  	 (1)

where r(t) is the local residue function and ⊗ indicates 
convolution. The r(t) can be considered as the fraction of 
contrast agent molecules entering the tissue at time t = 0 
and still being present at a time t > 0. Thus, the residue 
function is a monotonically decreasing function with 
r(t = 0) = 1; it contains the complexities concerning 

details  of contrast agent distribution and kinetics. For a 
single well-mixed compartment, r(t) is usually assumed to 
decay exponentially. The product CBF ⋅ r(t) is also denoted 
as impulse response. Figure 2 illustrates the result of the 
convolution of idealized representations of an arterial con-
centration–time curve and an impulse response to yield an 
idealized tissue concentration–time curve.

Based on Eq. (1) it can be shown that the peak of the 
impulse response is determined by CBF, while the area under 
the impulse response corresponds to the partition coefficient 
λ, which for common MR contrast agents can be considered 
as the distribution volume of the tracer, corresponding to 
CBV for intravascular agents (Buxton 2009a). According to 
the central volume theorem, the mean transit time MTT is 
given by CBV/CBF (Meier and Zierler 1954).

Using dynamic susceptibility contrast, it is relatively 
straightforward to calculate a relative CBV (rCBV) from 
the area under the measured signal–time curve. Because it 
is quite insensitive to the actual shape of the AIF, this quan-
tity is considered to be a quite robust measure of rCBV as 
long as the relation between tissue concentration and signal 
intensity is the same throughout the brain (Buxton 2009a; 
Calamante et al. 2000). rCBV values are frequently normal-
ized to healthy-appearing white matter to facilitate com-
parison between patients. Cerebral blood flow is much 
more difficult to obtain since for intravascular tracers the 
transit time is very short and thus the influence of CBF on 
the tissue concentration–time curve is rather subtle. 
Therefore, the bolus arrival time (BAT), the time to peak 
(TTP), and the relative mean transit time (rMTT), i.e., the 
full width at half maximum of the signal–time curve, are 
frequently used as surrogate markers of perfusion 
(Ostergaard 2004).

In order to obtain quantitative perfusion parameters from 
bolus tracking data, a deconvolution of the tissue concentra-
tion–time curve Ct(t) with the arterial concentration–time 
curve Ca(t) (arterial input function, AIF) needs to be per-
formed. However, unlike PET—where tracer concentrations 
are measurable quantities—the MR signal is only indirectly 
related to the contrast agent concentration. Usually, it is 

Fig. 1  Exemplary DSC signal–time curves obtained in arterial vessels (a), gray matter (b), and white matter (c)
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assumed that the change in the transverse relaxation rate 
ΔR2

* is linearly related to the tissue concentration of contrast 
agent (Rosen et al. 1990; Hendrick and Haacke 1993):

	 ∆R k C t∗ =2 . ( ) 	 (2)

with a proportionality constant k. There are strong indica-
tions that this assumption of a linear relationship between the 
transverse relaxation rate and the concentration of the con-
trast agent is too simple (Blockley et al. 2008), because the 
mechanisms of signal loss in magnetically inhomogeneous 
media are highly complex (Blockley et al. 2008; Kjolby et al. 
2006) and also depend on the vascular architecture (Johnson 
et  al. 2000). Differential T2 and T2* relaxation behavior 
even allows to derive information on vessel diameter, size, 
and density (Kiselev 2005; Kiselev et  al. 2005; Lemasson 
et al. 2013; Boxerman et al. 1995). Moreover, the contrast 
mechanisms within blood vessels and tissue are different 
(Kiselev 2001), and water exchange between tissue compart-
ments actually needs to be taken into account (Landis et al. 
2000; Li et al. 2010; Yankeelov et al. 2003). Nevertheless, 
Eq. (2) is usually employed to calculate tissue and arterial 
concentration–time curves from the measured MR signal 
with the echo time TE:

	
S t = S R t( ) ⋅∆ ( )

0
2e TE− *

	 (3)

For an absolute quantification of CBV, CBF, and MTT, 
the arterial input function, i.e., the arterial concentration–
time curve Ca(t), needs to be measured with high accuracy, 
and in this respect, several additional difficulties occur. 
Usually, the AIF is measured in large arterial vessels cross-
ing the imaging plane. However, because of the need for a 
high imaging speed, the spatial resolution is usually not suf-
ficient to obtain pure blood voxels. This implies that par-
tial  volume effects most likely confound arterial signal 

intensity. At high arterial contrast concentrations, a complete 
signal loss may occur inside large arterial vessels especially 
if EPI with long TE is used for data acquisition, which addi-
tionally distorts the AIF. While the AIF merely serves as a 
global scaling factor for CBV quantification, estimates of 
the local AIF would actually be required for valid measure-
ment of CBF. This is related to the observation that any 
broadening and delay in the arterial input confounds the 
measured CBF (Calamante 2005; Calamante et  al. 2004; 
Duhamel et al. 2006; Ko et al. 2007). Even with an appropri-
ate AIF, valid CBF measurement with DSC remains a chal-
lenge. Given the fact that the influence of CBF on the 
measured tissue concentration–time curve is rather weak, 
the deconvolution process is very delicate and sensitive to 
noise (Ostergaard 2004, 2005; Ostergaard et al. 1996a, b). 
Hence, absolute quantification of perfusion parameters is 
rarely performed in clinical practice; instead, relative perfu-
sion measures are normalized to healthy appearing WM or 
contralateral tissue. Therefore, valid comparisons for multi-
center or longitudinal studies are hardly possible.

Additional difficulties arise from recirculation and 
extravasation of contrast agent to the tissue. While recircu-
lation may cause a second broader and smaller peak about 
30–60 s after the first pass of the bolus, extravasation pre-
vents the signal from returning to baseline values. Therefore, 
a gamma-variate function is frequently fitted to the initial 
part of the signal–time curve (Belliveau et  al. 1991; 
Boxerman et al. 1997) to remove the influence of recircula-
tion and increase the reliability of CBV measurement. 
However, contrast agent extravasation, as in tumor areas 
with disrupted blood–brain barrier, causes more severe 
problems. Gd-DTPA outside the vasculature enhances T1 
relaxation of tissue water, counteracting the susceptibility-
induced signal loss in T2* weighted images, which may 
lead to an underestimation of CBV (Rosen et  al. 1990; 
Knopp et al. 1999; Quarles et al. 2009; Uematsu and Maeda 

Fig. 2  Relation of idealized concentration–time curves and impulse response according to Eq. (1)
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2006; Essig et  al. 2002). However, if the contrast agent 
outside the vasculature causes significant susceptibility gra-
dients, an overestimation of CBV is likewise possible 
(Bjornerud et  al. 2011). There are several methods to 
account for contrast agent leakage in DSC-based CBV mea-
surement. One practical possibility to reduce the influence 
of T1 relaxation is the administration of a pre-bolus of con-
trast agent in order to saturate the tissue in the leakage area 
(Paulson and Schmainda 2008; Boxerman et al. 2012). More 
elaborate approaches comprise double echo acquisitions 
(Uematsu and Maeda 2006; Paulson and Schmainda 2008; 
Miyati et al. 1997; Heiland et al. 1999; Vonken et al. 2000) 
or sophisticated data analysis (Rosen et  al. 1990; Quarles 
et  al. 2005, 2009; Bjornerud et  al. 2011; Uematsu et  al. 
2000; Johnson et al. 2004), which also provides information 
on vessel permeability and seems to reveal a benefit when 
compared to the application of a pre-bolus alone (Boxerman 
et  al. 2012). Valid quantification of perfusion using DSC, 
especially in areas with contrast agent leakage, is a matter of 
intense research. Since the blood–brain barrier in tumors is 
frequently disrupted, new developments would be highly 
relevant.

In spite of these issues, DSC-MRI is by far the most 
frequently used perfusion imaging method, as it is easy to 
perform and yields robust information on tissue perfusion, 
i.e., rCBV.

2.1.2	 �Dynamic Contrast-Enhanced MRI
A qualitatively similar approach to perfusion imaging 
relies on the acquisition of a time series of T1 weighted 
images during bolus application (Fig. 3). This method is 
termed dynamic contrast-enhanced (DCE) imaging and 
allows quantification of vessel permeability, which is 
merely a confounding factor in DSC-based perfusion 
imaging. Generally, DCE-MRI requires the acquisition of 
a time series of T1 weighted images over several minutes 
to observe the wash-in and washout of contrast agent in 
extravascular extracellular space. Qualitative or semi-
quantitative measurements of leakage-related parameters 
are relatively easy to perform. The slope of the wash-in 
and washout portions of the time course can be evaluated 
within the regions of interest, allowing the distinction of 
tumor (fast rise) and radiation necrosis (slow rise) 
(McGehee et al. 2012). Also, semiquantitative parametric 
maps of the wash-in and washout slopes, maximal 
enhancement, and arrival time can easily be created. 
Integration of the initial area under the DCE tissue con-
centration curve (initial AUC) yields a more quantitative 
parameter (Li et al. 2012; Sourbron et al. 2009; Sourbron 
2010) without the need for a sophisticated model. However, 
the influence of underlying physiologic processes like ves-
sel permeability, extravascular extracellular volume, and 
blood flow is rather unclear (Donahue et al. 1996).

Similar to the DSC method, quantitative DCE-based 
perfusion measurements are quite elaborate (Yankeelov 
and Gore 2009; Sourbron and Buckley 2012, 2013). 
Quantitative approaches require complex pharmacokinetic 
models, a quantitative relation between MR signal and con-
trast agent concentration, as well as an appropriate AIF. 
Pharmacokinetic models describe the distribution and elim-
ination of contrast agents within and from the tissue with 
respect to the underlying physiology. Most frequently, a 
two-compartment model is used based on the pioneering 
work of Kety (1951). This model describes the tissue as 
consisting of an intravascular space (plasma volume vp) and 
an extravascular extracellular space (EES, volume ve) 
(Fig. 4). The distribution of the contrast agent is character-
ized by arterial delivery and venous elimination rates ka and 
ke as well as distribution and redistribution rate constants 
k12 and k21, which describe the diffusion into EES. 
Commonly measured parameters are the volume transfer 
constant Ktrans between blood plasma and EES

	
K Etrans CBF Hct= ⋅ ⋅ ( )1− 	 (4)

(with extraction fraction E and hematocrit Hct), the EES vol-
ume fraction ve, and the rate constant between EES and blood 
plasma kep = Ktrans/ve. However, the interpretation of Ktrans 
depends on the physiological conditions: when the vessel 
permeability is much higher than blood flow (flow-limited 
condition), Ktrans corresponds to the blood plasma flow per 
unit volume of tissue; when blood flow is much higher than 
vessel permeability (permeability-limited condition), Ktrans 
corresponds to the permeability surface area product per unit 
volume of tissue (Sourbron and Buckley 2011).

First quantitative approaches were hampered by a 
rather low temporal resolution of T1 weighted imaging 
data and therefore only allowed to obtain Ktrans and ve as 
primary parameters for tissue characterization (Tofts and 
Kermode 1991; Tofts 1997; Tofts et  al. 1999; Larsson 
et al. 1990; Brix et al. 1991). As technical progress per-
mitted T1 weighted imaging with sufficiently high tempo-
ral resolution, advanced models have been developed 
which additionally allow measurement of CBV and CBF 
(Sourbron and Buckley 2012; Henderson et  al. 2000; 
Pradel et al. 2003; Brix et al. 2004; Larsson et al. 2009; Li 
et al. 2012; Sourbron et al. 2009). Comprehensive reviews 
on these methods are given by Yankeelov and Gore (2009) 
as well as Sourbron and Buckley (2012, 2013), Sourbron 
(2010).

The majority of DCE-based MRI experiments are based 
on a model originally developed by Tofts (Tofts and 
Kermode 1991). According to that, the intravascular signal 
contribution is neglected and the relation between the 
contrast agent concentrations in tissue Ct(t) and blood 
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plasma Cp(t) is described by (Yankeelov and Gore 2009; 
Tofts et al. 1999)
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Inclusion of a plasma compartment with a volume vp 
yields the extended Tofts model (Sourbron and Buckley 
2012; Brix et al. 2004):
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Estimates of perfusion parameters are usually obtained by 
multiparametric nonlinear fitting of these equations to mea-
sured concentration–time curves. Besides that, a large num-
ber of different approaches have been developed. A recent 
comprehensive review of a variety of currently existing mod-
els for DCE-based perfusion measurement is given in 
Sourbron and Buckley (2013).

Similar to the DSC method, the measured T1 weighted 
MRI signal needs to be converted to contrast agent concentra-
tion before quantitative evaluations can be performed. Usually, 
a linear relation between the change in the longitudinal relax-
ation rate R1 (= 1/T1) and contrast agent concentration is 
assumed (Landis et al. 2000; Yankeelov and Gore 2009):

	
R t C t R1 1 10( ) = ( ) +⋅r 	 (7)

with the contrast agent relaxivity r1 and the precontrast 
relaxation rate R10. This assumption regards biological tis-
sue as a single well-mixed compartment or at least requires 
a fast exchange of water between all tissue compartments. 
However, there are indications that water exchange is not 
fast enough in the presence of contrast agent (Donahue 
et  al. 1996; Parkes and Tofts 2002; Schwarzbauer et  al. 
1997). Accounting for the water exchange rates between 
different tissue compartments even allows determination of 

intravascular or extravascular intracellular lifetimes of 
water molecules (Yankeelov and Gore 2009). Since a high 
temporal resolution is needed, R1(t) cannot be measured 
directly. Instead, R1(t) is determined from the T1 weighted 
signal–time curve s(t) and a precontrast measurement of 
tissue R10 where the exact formula depends on the imaging 
sequence. For a saturation recovery sequence with time 
delay TD, the tissue concentration curve is calculated 
according to
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Precontrast T1 mapping is frequently performed using 
the variable flip angle approach because it allows fast imag-
ing with whole brain coverage (Yankeelov and Gore 2009; 
Li et  al. 2012; Roberts et  al. 2006; Harrer et  al. 2004). 

Fig. 3  Typical DCE signal–time curves obtained in arterial vessels (a), gray matter (b), and white matter (c)

Fig. 4  Two-compartment model: Contrast agent is delivered to the 
intravascular space with a rate constant ka and is eliminated with a rate 
constant ke. The CA diffuses into and outside of the extravascular extra-
cellular (EES) space with a distribution rate constant k12 and a redistri-
bution rate constant k21
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However, this method needs careful spoiling or correction 
for the influence of residual magnetization to be accurate. 
At field strengths of 3 T and above, additional mapping of 
the local flip angle is required (Preibisch and Deichmann 
2009). Therefore, saturation or inversion recovery methods 
are also frequently used (Larsson et  al. 2008; Deichmann 
2005; Henderson et al. 1999; Zhu and Penn 2005).

Also, a valid AIF, i.e., the plasma concentration of con-
trast agent Cp(t), needs to be determined for quantitative per-
fusion measurements. In this respect, similar limitations as 
in DSC imaging apply, e.g., with respect to partial volume 
effects, broadening, and delays (Yankeelov and Gore 2009). 
However, unlike in DSC imaging, the linearity of signal 
change inside vessels is of less concern since there is no 
complication due to complete signal loss at high contrast 
agent concentrations.

The major drawback of DCE-MRI in comparison to DSC-
based perfusion imaging is the significantly reduced signal 
change, which results in rather low SNR in the calculated 
parameter maps. In practice, it is also much more demanding 
to achieve a reasonable spatial coverage and temporal resolu-
tion with T1 weighted imaging methods, and it is more dif-
ficult to choose an appropriate method from the large variety 
of different approaches (see Sourbron and Buckley 2013 for 
a recent review).

2.2	 �Endogenous Tracer Methods: Arterial 
Spin Labeling

Arterial spin labeling is an alternative agglomeration of 
methods for measurement of cerebral blood flow which uses 
magnetically labeled water in blood vessels as endogenous 
diffusible tracer. The basic idea is to acquire two data sets, 

one with labeling of inflowing blood and one without. The 
difference signal is proportional to the delivered magnetiza-
tion and hence to blood flow. Because labeled water acts as a 
freely diffusible tracer with accordingly prolonged tissue 
transit times, CBF derived from arterial spin labeling (ASL) 
is principally more robust than CBF derived from bolus 
tracking based on intravascular tracers (Buxton 2009b). 
Figure 5 depicts the basic order of events for the two funda-
mental types of pulsed (PASL) and continuous arterial spin 
labeling (CASL).

In the PASL labeling condition, a thick slab proximal to 
the imaging volume of interest (blue framed slab in (a)) is 
usually inverted at time t = 0 by a short RF pulse. After a 
delay time (inversion time, T1, typically ≈1.5  s), which 
allows labeled blood to distribute within the imaging vol-
ume, labeled images are acquired. CASL approaches use 
extended labeling periods where inflowing blood is inverted 
continuously by long RF pulses (several seconds) in a thin 
slice in the neck area. Labeled images are acquired after ter-
mination of the labeling pulse. A recent development is the 
pseudocontinuous ASL (pCASL) approach, where series of 
short RF and gradient pulses achieve more efficient labeling 
(compared to PASL) and reduced specific absorption rate 
(SAR) and magnetization transfer effects (compared to 
CASL) (Silva and Kim 1999; Wu et  al. 2007; Helle et  al. 
2012). Remarkably, it is also possible to selectively label 
individual arterial vessels, which enables imaging of vascular 
territories (Helle et al. 2012; Golay et al. 2005; Paiva et al. 
2007; van Laar et al. 2008).

Qualitative perfusion images can easily be derived 
because the difference between labeled and unlabeled 
images is proportional to CBF, but absolute quantification is 
again quite difficult. A good introduction to ASL is given 
by Buxton (2009b) and a number of recent reviews cover 

Fig. 5  Schematic order of 
events for pulsed (a) and con-
tinuous (b) arterial spin label-
ing (ASL)
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all possible methodological issues (Wu et  al. 2010; 
Deibler et al. 2008; Golay and Petersen 2006; Golay et al. 
2004; Williams 2006; Parkes 2005; Petersen et al. 2006a, 
b) with regard to ASL-based CBF quantification.

Generally, care needs to be taken with regard to the con-
trol experiments because the labeling pulse, though applied 
off resonance, may nevertheless affect the magnetization 
within the imaging volume mainly via magnetization trans-
fer effects (McLaughlin et al. 1997; Pekar et al. 1996; Zhang
et al. 1992). Since the signal change inferred by blood flow 
only is on the order of about 1 %, even small effects may 
introduce large errors. To control for magnetization transfer 
effects, an equivalent off-resonant RF pulse needs to be 
applied during the control condition without labeling the 
inflowing spins. A number of techniques have been devel-
oped for all types of ASL methods, even though the effect is 
much more severe in CASL due to the long duration of its 
labeling pulse (Buxton 2009b). PASL approaches mainly 
vary by different placement of the control RF pulse (Edelman 
et  al. 1994; Kwong et  al. 1995; Wong et  al. 1997; Kim 
1995), while some CASL techniques even use separate 
labeling coils in the neck (Shen and Duong 2011; Paiva 
et  al. 2008; Talagala et  al. 2004). In PASL, slice profile 
effects due to the close proximity of the labeling slab and 
the imaging slice are also a problem and are usually dimin-
ished by a gap between labeling and imaging slice. Because 
the ASL difference signal change is so small, suppression of 
the static tissue signal (background suppression) in the 
imaging slices was found to be beneficial (Garcia et  al. 
2005; Mani et al. 1997; Ye et al. 2000).

Major confounding factors are transit delays Δt between 
the labeling plane and the imaging slice (Zhang et al. 1992; 
Wong et  al. 1997; Alsop and Detre 1996; Buxton et  al. 
1998), the bolus duration T (Buxton 2009b; Wong et  al. 
1998; Luh et  al. 1999), and relaxation effects (Buxton 
2009b). The transit delay Δt may vary across the brain by 
several tenth of milliseconds (Wong et  al. 1997) causing 
systematic errors even in qualitative CBF maps. An effec-
tive means to reduce the influence of transit delays in CASL 
is to insert a delay after the end of the labeling pulse (Alsop 
and Detre 1996); for PASL, the inversion time needs to be 
longer than the longest Δt. In CASL, the duration of the 
arterial bolus is well defined by the duration of the labeling 
RF pulse. In PASL, however, the thickness of the labeling 
slab determines the amount of labeled blood, and the bolus 
duration thus depends on global flow (Buxton 2009b). In 
order to create a bolus with a well-defined duration, satura-
tion pulses can be applied to the labeling slab after an 
inversion time TI1 (Wong et al. 1998; Luh et al. 1999). The 
most complex effect is caused by water exchange between 
vessels and tissue. Initially, when labeled water is delivered 
to the tissue, relaxation of water spins occurs within the 
vessels with the arterial longitudinal relaxation time T1A, 
while after exchange—within the brain parenchyma—the 

tissue relaxation time T1t applies. This is difficult to model, 
especially since the exchange time Tex (on the order of a 
few tenth of seconds) is not well known (Buxton 2009b).

Quantitative evaluations need to account for these effects. 
Early approaches used a modified Bloch equation to account 
for the influence of CBF on the difference signal (Kwong et al. 
1992, 1995; Kim 1995; Detre et  al. 1992). More recently, 
tracer kinetic modeling has also been used to derive CBF from 
ASL data (Buxton et al. 1998). In this approach, the amount of 
magnetization delivered to the imaging voxel by arterial blood 
ΔM(t) (i.e., the magnetization difference between control and 
label condition) is regarded to correspond to the tracer concen-
tration. Based on this presumption, tracer kinetic principles 
can be applied to describe the influence of physiological pro-
cesses on ΔM(t) by means of a delivery function c(t), a residue 
function r(t), and a magnetization relaxation function m(t) 
(Buxton 2009b; Buxton et al. 1998):

	
∆ ( ) = ⋅ ( )⊗ ( ) ( ) ⋅M t M CBF c t r t m tA2 0 	 (9)

where ⊗ denotes convolution. The equilibrium magnetiza-
tion of arterial blood M0A is difficult to measure, but a useful 
approximation can be obtained from the CSF signal (Chalela 
et  al. 2000). Appropriate definitions of the functions c(t), 
r(t), and m(t) allow to include the effects of transit delays Δt 
and delayed water exchange Tex (Buxton 2009b):
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with bolus length T, inversion efficiency α (Alsop and Detre 
1996; Zhang et al. 1993), and the longitudinal relaxation 
times of water in arterial blood and tissue T1A and T1t. 
Generally, absolute CBF quantification is quite laborious 
because several time points need to be acquired after the end 
of the labeling pulses for proper modeling in CASL as well 
as PASL (Petersen et al. 2006a, b, 2010). This is aggravated 
by the fact that the SNR of a single difference image is quite 
low meaning that several (≈50) averages need to be acquired. 
T1A of arterial blood is usually assumed from the literature, 
but mapping of local tissue T1 is considered to be necessary, 
especially with CASL because the longer labeling duration 
allows more time for exchange (Buxton 2009b; Parkes 
2005). Reduced inversion efficiency is rather a problem in 
CASL (Alsop and Detre 1996; Zhang et al. 1993), while 
proper definition of bolus duration is a bigger issue in PASL 
(Wong et al. 1998; Luh et al. 1999). There are a number of 

C. Preibisch et al.



83

other difficulties which complicate absolute quantification of 
CBF via ASL like inhomogeneities of the receiver coil 
(Wang et al. 2005), T2* relaxation (St Lawrence and Wang 
2005), and labeled water within arteries (Petersen et  al. 
2006a, b). CBF quantification using ASL is an area of active 
research steadily yielding innovations, e.g., a time efficient 
strategy for sampling at multiple TI using the Look–Locker 
approach was proposed by Gunther et al. (2001). However, 
many refinements with regard to accuracy go along with 
decreased SNR and reduced stability. Thus, in clinical prac-
tice, where measurement time is heavily restricted, qualita-
tive ASL or PASL methods aiming at CBF quantification 
with a single inversion (Wong et al. 1998; Luh et al. 1999) 
are most frequently applied.

The Perfusion Study Group of the International Society 
for Magnetic Resonance in Medicine (ISMRM) (Perfusion 
Study Group ISMRM 2013) is currently compiling a consen-
sus paper on MR perfusion imaging, which is supposed to 
contain recommendations for scan protocols as well as eval-
uation procedures for a number of applications. This consen-
sus paper is expected to be a huge step toward more 
standardized MR perfusion imaging methods (Table 1).

3	 �Clinical Application

3.1	 �General Aspects

Perfusion imaging in brain tumors is—as of today—not yet 
part of the imaging modalities included in the response 
assessment in neuro-oncology (RANO) criteria, where 
response to treatment in patients with malignant gliomas is 
determined by post-therapeutic changes in conventional T2 
and contrast-enhanced T1 imaging along with clinical 
parameters (Wen et  al. 2010). The omission of the novel 
functional MRI methods is explained by a lack of 
standardization and thus impaired comparability of multi-
center data; however, further application for individual 
patient evaluation is strongly recommended, since perfusion 

imaging is accepted as a standard tool of neuro-oncological 
diagnostics today.

The technical aspects of perfusion imaging are discussed 
in detail in the first section of this chapter. In everyday clini-
cal practice, the DSC method is most commonly available, 
providing perfusion data in under a minute’s measurement 
time. ASL and DCE methods are less widespread due to 
technical limitations. A combination of the methods, if avail-
able, may provide additional information. However, the 
patient’s well-being must always be put first: long examina-
tions may be less tolerated by critically ill patients—and 
motion artifacts due to unease impair data independent of the 
perfusion imaging method used. A special advantage of ASL 
methods is the lack of external contrast agent; therefore, they 
can be applied in patients with contraindications to contrast 
agent administration, i.e., impaired renal function or severe 
gadolinium allergy.

Most MRI systems provide an online calculation of DSC-
based perfusion maps, with manual masking, smoothing, 
AIF definition, and ROI placement. While these maps can 
quickly be inspected and readily transmitted into local PACS 
systems, they have the drawbacks of being operator depen-
dent and not quantitative. Several approaches for quantitative 
assessment, e.g., histogram and kurtosis analysis, are avail-
able and widely used for scientific evaluation; however, these 
are mostly in-house developments and only allow offline 
evaluations.

Perfusion characteristics of brain tumors are most fre-
quently compared with those of normal appearing brain tis-
sue in the same patient, relying on a relative value, e.g., 
rCBV. A high rate of perfusion is typically defined as 
higher than normal appearing gray matter. Perfusion het-
erogeneity is a common feature in brain tumors and the 
localization of “hot spots,” i.e., focally highest values, is of 
special interest. While (semi)quantification is feasible, the 
definition of a threshold value valid across patients is nearly 
impossible, also due to diverging physiological parameters 
such as heart rate. Special attention must be paid to “artifi-
cially” high perfusion values in vascular structures. A cor-

Table 1  Overview of MR perfusion imaging methods

Method Indicators Imaging Advantages Disadvantages

DSC (r)CBV
(r)CBF
(r)MTT
AT
TTP

Time series of T2*w images (usually 
EPI) during CA bolus application
Acquisition time ≈1–2 min

Implemented on commercial MR 
systems
Relatively easy to perform
Robust estimates of relative CBV

Compromised by contrast 
agent leakage
Not easily quantifiable

DCE Ktrans

CBV
CBF

Time series of T1w images during CA 
bolus application
Acquisition time: several min

Straightforward characterization  
of vessel permeability

No established standard 
method
Not widely implemented on 
commercial MR systems
Low SNR

ASL CBF Pairs of label/control images  
(usually EPI)
Acquisition time: several min

No contrast application necessary
Robust estimate of relative CBF

Low SNR

MR Perfusion Imaging



84

relation with conventional imaging—where vessels appear 
as flow voids and tubular enhancements—is therefore 
indispensable.

A controversial topic in perfusion MRI of brain tumors is 
the correction for contrast agent leakage in the presence of a 
disrupted blood–brain barrier (BBB). The development of a 
leaky BBB is an important step in the malignant transforma-
tion of a tumor and BBB changes may also be a relevant 
effect of tumor therapy. Therefore, the effect of a disrupted 
BBB and consequent contrast agent leakage on perfusion 
data must be accounted for when attempting tumor grading 
or assessing therapy response. In order to achieve compara-
bility of perfusion measurements at different clinical sites, 
the measurements and post-processing steps must be stan-
dardized. While simple techniques to minimize leakage 
effects, e.g., the preinjection of contrast agent to “saturate” 
the extracellular space, are easy to perform (for further 
description of such techniques, see Methods), the standard-
ization of more sophisticated postprocessing algorithms 
might be favorable (Boxerman et  al. 2012; Heiland et  al. 
2010). Separate information on cerebrovascular parameters 
(CBV, CBF) and on BBB permeability may be acquired; sev-
eral possibilities for this are discussed in the “Methods” sec-
tion of this chapter.

The vast majority of clinical studies have investigated the 
parameter rCBV—measured by the most robust DSC 
method—in correlation with other descriptive tumor charac-
teristics and with outcome. Other perfusion parameters like 
rCBF and permeability have also been introduced to clinical 
practice with the use of ASL and DCE (Warmuth et al. 2003). 
First clinical studies using these parameters have largely 
reproduced previous (rCBV) results in most clinical 
questions.

Perfusion imaging, when performed and interpreted with 
care, can play a significant role in major clinical decisions 
regarding diagnosis, therapy, and follow-up.

3.2	 �Pathophysiological Background: 
Neovascularization in Brain Tumors

Neovascularization, i.e., the development of new vessels, 
is a vital process in the embryonic differentiation pro-
cesses as well as in later stages of life where wound repair 
and inflammation, etc. require additional vascular supply. 
A marking step in the research of tumor pathophysiology 
was the detection of neovascularization of tumors as part 
of their malignant transformation (Brem 1976). Once the 
angiogenic phenotype is switched on in a tumor, its malig-
nancy is definite and its growth exponential. The develop-
ment of tumor vessels is especially intriguing in brain 
tumors, as they represent a direct correlate of tumor grade, 
are largely responsible for symptomatic tumor edema and 

bleeding, and represent an obstacle to drug delivery. While 
low-grade tumors grow along preexisting vessels (vascular 
co-option), higher-grade tumors start to generate own 
tumor vessels in the process of growing, which are differ-
ent from normal vessels in appearance and structure. 
Glioblastoma vessels mainly originate from local endothe-
lial cells (angiogenesis)—after destruction of preexisting 
vessels—or sometimes from bone marrow-derived endo-
thelial precursor cells (vasculogenesis); further mecha-
nisms include vascular mimicry and the transdifferentiation 
of GBM cells into endothelial cells (Hardee and Zagzag
2012). Genetic and epigenetic factors include an alteration 
of oncogenes with upregulation of hypoxia-inducible fac-
tor HIF-1α and members of the family of vascular endo-
thelial growth factor (VEGFs); these factors promote the 
destruction of pericytes and of the extracellular matrix 
with matrix metalloproteinases; they recruit endothelial 
cells and promote vascular remodeling and sprouting. The 
resulting tumor vessels are tortuous, wide, and dense, 
while their borders are blurred due to incomplete endothe-
lial and pericyte coverage resulting in a breakdown of the 
blood–brain barrier and increased permeability (Soda 
et al. 2013).

In neuropathology, description of tumor vascularity is an 
important criterion for tumor grading with higher vascular-
ity representing a higher grade of malignancy. WHO °II 
tumors mainly incorporate preexisting vessels, while high-
grade gliomas develop new, heterogeneous, and tortuous 
vessels with higher density (Fig. 6). Higher microvascular 
density is a prognostic factor for shorter postoperative sur-
vival in astroglial brain tumors (Leon et al. 1996; Folkerth 
2004).

In histopathological studies combined with previous MR 
perfusion imaging, tumor regions with high rCBV were 
found to correlate with a high microvascular density in 
mouse models as well as in human brain tumor specimens 
(Cha et  al. 2003). Contrast enhancement and permeability 
measures in MRI reliably characterized the blood–brain bar-
rier and its permeability as seen in histopathology. These 
findings confirm the theoretical assumption that perfusion 
imaging represents the variations and changes in tumor 
microvasculature (Cha 2004).

3.3	 �Differential Diagnosis of Tumors

The differential diagnosis of the three major groups of 
malignant intracranial intra-axial tumors—glioma, lym-
phoma, and metastases—is often difficult in conventional 
(T2w, T1w) MR imaging. Their features in conventional 
imaging—typical localization, the presence or absence of 
hemorrhage, necrosis, and T2 signal intensities—may help 
differential diagnosis but are not always conclusive. While 
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periventricular localization is typical for lymphomas and 
metastases are more often cortex associated, each of these 
entities may appear in another localization—therefore, peri-
ventricular or cortical localization is not a distinctive fea-
ture. Contrast enhancement and focal necrosis are common 
in all high-grade brain tumors irrespective of their origin. 
Therefore, in most cases, conventional imaging does not 
allow a definite diagnostic statement. However, the intrinsi-
cally different histology and vascularization pattern of these 
entities makes perfusion imaging a useful tool in their 
differentiation.

High-grade gliomas are characterized by high cellular 
density and pleomorphism, mitoses, palisading necrosis, and 
vascularization. The latter results in very high tumor perfu-
sion, i.e., high rCBV values throughout the tumor (as com-
pared with healthy contralateral tissue), with focal peaks 
probably representing the most malign tumor foci, the so-
called tumor hot spots (Fig.  7). Glial tumors show an 
extremely infiltrative growth pattern beyond the contrast-
enhancing lesion into the peritumoral edema. Consequently, 
rCBV values are typically elevated beyond the contrast-
enhancing lesion in peritumoral regions as well.

Fig. 6  (a) Histopathological view of pathological tumor vessels in a 
WHO °II glioma exhibits no pathological tumor vessels (Image glio-
blastoma specimen. Note the densely packed tortuous vessels with 

courtesy of Claire Delbridge MD, Department of Neuropathology, 
incomplete endothelial coating. (b) In contrast, the biopsy specimen of 
a Klinikum Rechts der Isar, TU Munich)

Fig. 7  Imaging of a glioblastoma: (a) axial FLAIR, (b) post-Gd T1w, 
and (c) DSC rCBV map of a selected slice. The contrast-enhancing 
lesion shows high rCBV values as compared to WM, with focal peaks 
in the rostral and lateral parts of the tumor (red dots marked with 

arrows) corresponding to tumor hot spots. High rCBV values are also 
seen lateral to the contrast-enhancing lesion, corresponding to the 
tumor infiltration zone (lower arrow). Note the high signal correspond-
ing to the carotid and middle cerebral arteries (dotted arrow)

MR Perfusion Imaging



86

Primary CNS lymphoma also shows high cellular den-
sity and diffuse infiltration; however, they typically exhibit 
an angiocentric growth pattern around preexisting vessels. 
Therefore, this entity generally has lower rCBV than glio-
blastoma, yet somewhat higher values than healthy brain 
tissue, mainly due to a limited but existing neoangiogenesis 
(Fig. 8). In single cases, it can still be very difficult to dif-
ferentiate between lymphoma and glioblastoma even with 
perfusion imaging. A specific characteristic of lymphoma 
perfusion may be the signal change in the time–intensity 
curve from the DSC perfusion: lymphomas, unlike glio-
blastomas, may show a characteristic pattern, where the 
signal recovery exceeds the baseline level after the first 
pass, which was described in Blasel et al. (2013) and Liao 
et al. (2009).

Cerebral metastases spread via hematogenous routes and 
can therefore be well vascularized, depending on the origin 
of the tumor. However, metastases are well delineated, with-
out a diffuse infiltration zone but a typically large peritu-
moral edema. While rCBV in the enhancing tumor regions in 
metastases is just as high as in glioblastomas, the peritumoral 
region shows significantly lower perfusion in metastases 
(Law et al. 2002) (Fig. 9).

3.4	 �Tumor Grading and Prognosis

Perfusion imaging—as an indirect measure of tumor vascu-
larization—was shown to correlate with the histological 
grade of gliomas in several studies and with different 

Fig. 8  Primary CNS lymphoma: (a) axial FLAIR, (b) post-Gd T1w; 
(c) DWI, and (d) DSC rCBV map of a selected slice. Despite strong 
diffuse contrast enhancement, only moderate local rCBV elevation is 
seen. Diffusion restriction pleads for a tumor with high cellular density. 

In the histopathological view (e: Image courtesy of Claire Delbridge, 
MD, Department of Neuropathology, Klinikum Rechts der Isar, TU 
Munich), note the high cell density and the growth pattern around pre-
existing vessels
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Fig. 9  Metastasis of a bronchial carcinoma (NSCLC): (a) axial FLAIR, (b) post-Gd T1w, and (c) DSC rCBV map of a selected slice. Elevated 
rCBV values are seen in the rostral part of the contrast-enhancing lesion (arrow) but not in the perifocal edema (dotted arrow)

Fig. 10  Oligodendroglioma, an example for an atypical low-grade gli-
oma: upper row (a) axial nonenhanced CT, (b) FLAIR, and (c) post-Gd 
T1w image; lower row (d) ADC map, (e, f) DSC rCBV map in a right 

temporofrontal space-occupying lesion. Calcifications, multiple cysts, and 
a cortical localization are characteristic features. Despite the lack of con-
trast enhancement, high rCBV values are seen throughout the solid tumor
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imaging methods (Aronen et al. 1994; Donahue et al. 2000; 
Hakyemez et al. 2005; Schmainda et al. 2004; Jarnum et al. 
2010). The underlying pathophysiology could also be 
proven histopathologically: The WHO grade of gliomas 
partly depends on vascularity, and a higher microvascular 
density was found in tumor specimens with higher rCBV 
(Cha et  al. 2003). rCBV was identified as a particularly 
important imaging parameter among 161 different tumor 
characteristics in a pattern classification study (Zacharaki
et al. 2009). The correlation of rCBV and glioma grade is 
independent of the evaluation method: operator-indepen-
dent histogram analysis (where a big ROI is drawn around 
the whole tumor) was just as effective as operator-depen-
dent rCBVmax-ROI analysis (Law et al. 2007).

Among the different perfusion parameters, rCBV corre-
lates best with glioma grade whereas permeability showed a 
somewhat weaker correlation (Law et  al. 2004). However, 
the two parameters demonstrate different tumor characteris-
tics—and with respect to drug delivery, permeability imag-
ing gains more and more importance (Levy 2005). Recently, 
a combined approach—rCBV together with CBF and  
Ktrans—was proven to be a better predictor of glioma grade 
(Law et  al. 2004, 2006; Shin et  al. 2002; Roy et  al. 2013; 
Zhang et al. 2012).

Contrast agent leakage is a particularly important factor 
in perfusion imaging of brain tumors. This also applies to 
tumor grade prediction. The most widely applied DSC 
method may underestimate rCBV in the presence of contrast 
leakage, which might result in an undergrading of a lesion. 
Therefore, leakage correction—at least a pre-bolus or 
preferably a postprocessing leakage correction algorithm—
is essential in neuro-oncological studies (Boxerman et  al. 
2006).

Low-grade brain tumors—like astrocytomas (WHO II) 
and oligodendrogliomas—are not necrotic and their enhance-
ment pattern is variable. While typical nonenhancing tumor 
regions usually show normal rCBV values (in the range of 
healthy tissue), there is an exception to the rule: low-grade 
oligodendrogliomas (Cha et al. 2005)—with or without con-
trast enhancement—may show higher rCBV due to an 
increased vessel density even without further hints of malig-
nization (Cha et al. 2005; Lev et al. 2004) (Fig. 10).

Increased perfusion is seen in the enhancing tumor 
areas in WHO °III gliomas (Figs.  11 and 12) and even 
more so in glioblastomas; even the nonenhancing tumor 
infiltration region is hyperperfused in these tumors (Lupo 
et al. 2005).

Functional imaging including perfusion data may pro-
vide additional information about tumor vitality beyond the 
characteristics used for histopathological grading. The den-
sity of tumor vasculature correlates with overall survival in 
astrocytic tumors: high vascularity was linked to shorter 
time to progression and with reduced overall survival (Law 
et  al. 2008; Sanz-Requena et  al. 2013). Correspondingly, 
rCBV was shown to be equally or more important for prog-
nosis and overall survival than histological grade, even in 
low-grade gliomas (Majchrzak et al. 2012). DSC perfusion 
imaging can be used to predict median time to progression 
in patients with gliomas, independent of pathological find-
ings: baseline rCBV values above a threshold—either in 
high-grade or in low-grade gliomas—detect progressive 
disease and predict tumor recurrence and time to 
progression (Law et al. 2008; Caseiras et al. 2010; Bisdas 
et al. 2009). It is important to note that these findings could 
not be reproduced for tumors with oligodendroglial 
components where dense vascularization occurs in 

Fig. 11  Imaging of a diffusely infiltrating, moderately space-occupy-
ing lesion in the left temporal lobe with only a punctual contrast 
enhancement (arrow): (a) axial FLAIR, (b) coronal post-Gd T1w 
image, and (c) DSC rCBV map of a selected slice. The lesion is 

diffusely hyperperfused with elevated rCBV values throughout the 
tumor and focal hot spots (dotted arrow) indicating malignity. 
Histological diagnosis: anaplastic oligoastrocytoma WHO °III
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Fig. 12  Imaging of a diffusely infiltrating lesion in the left thalamus: 
(a) axial FLAIR, (b) axial post-Gd T1w MPRAGE, (c) DSC rCBV map 
of a selected slice. There is little space-occupying effect and moderate, 

diffuse enhancement without necrosis. rCBV values, however, are ele-
vated throughout the lesion and in its surroundings. Histological diag-
nosis stated an anaplastic astrocytoma WHO °III

Fig. 13  Astrocytoma progression. (Upper row) First imaging of a 
patient with an epileptic seizure; (a) axial FLAIR, (b) axial T1w post-
Gd, and (c) DSC rCBV map of a selected slice. Peripheral diffuse T2 
lesion of the temporal lobe with slight enhancement and minimally 
elevated rCBV values. Note the linear red signal cortical, correspond-
ing to a large cortical vein in the T1w post-Gd. Histological report 

stated an astrocytoma WHO °II. (Lower row) Follow-up of the same 
patient 6 months later; (A) axial FLAIR, (B) coronal T1w post-Gd, and 
(C) DSC rCBV map. Progression of the T2 lesion, now rather space 
occupying, and of the contrast enhancement (arrow). rCBV values are 
highly elevated throughout the lesion (dotted arrow). Histology 
revealed malignization to an astrocytoma WHO °III
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low-grade tumors as well (Bisdas et al. 2009). In the fol-
low-up of low-grade astrocytic tumors, however, elevated 
perfusion may be the first sign of a malign transformation 
(Fig. 13). Therefore, use of perfusion data in combination 
with histological information is essential in predicting 
prognosis in glioma patients.

3.5	 �Guidance for Biopsy and Radiation 
Therapy Planning

An important clinical topic where perfusion imaging can play 
a relevant part is in the definition of “tumor hot spots,” i.e., 
most malignant (or highest grade) niches of heterogeneous 

Fig. 14  Illustration of the tumor heterogeneity with an example of two 
GBM (WHO °IV) cases. In Case 1, the diffusely contrast-enhancing 
tumor (a) shows a large hyperperfused portion (DSC rCBV map in b) 
and spectroscopic choline peaks in the mesial and dorsal part (c); the 
voxelwise comparison of the perfusion and the spectroscopic hot spots 

in (d) shows a reasonable correlation. In Case 2, the tumor enhances 
only in small parts (a); the mesial and dorsal parts are hyperperfused 
(b); the spectroscopic peak is in the central part of the tumor (c); and 
there is little correlation between the two methods (d), indicating tumor 
heterogeneity

Fig. 15  Follow-up imaging of a 
patient with a glioblastoma 
(3  months postsurgery). There is a 
new contrast-enhancing lesion in the 
post-contrast T1w image (a) rostral 
from the resected lesion in the left 
temporal lobe (arrow). Perfusion 
imaging with ASL (b) shows 
decreased rCBF (dotted arrow), sug-
gesting radiation necrosis, which 
was confirmed by histology
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tumor tissue. Their definition is important for the guidance of 
biopsy procedures, to prevent the undergrading of a tumor and 
to focus surgical efforts. Perfusion imaging was shown to iden-
tify tissue biopsy specimens with higher tumor proliferation, 
necrosis, and vascular hyperplasia (Barajas et al. 2012). In the 
same study, diffusion weighted imaging identified regions of 
tumor infiltration. Other studies found that perfusion hot spots 
did not coincide with spectroscopic tumor hot spots, indicating 
a spatial divergence of neovascularization and tumor cell pro-
liferation (Wagner et al. 2011). These data demonstrate that the 
use of multimodal imaging identifies tumor parts with different 
histological characteristics (Fig. 14). A multimodal approach 
remains, therefore, essential in biopsy planning.

Recently, multimodal imaging has also been introduced 
to the planning of radiotherapy, allowing the delivery of 
focused higher doses (dose-painting or intensity-modulated 
radiotherapy) to new target volumes characterized by 
functional data (e.g., perfusion or spectroscopy) (Ken et al. 
2013; Grosu et al. 2007).

3.6	 �Treatment Monitoring

Therapeutic interventions—resection, radiation, and chemo-
therapy—affect tumor vascularization in a way that is diffi-
cult to keep track of with conventional imaging. Perfusion 

imaging could be an especially valuable aid in post-
therapeutic tumor imaging.

The first medication given to a patient with the diagnosis 
of a brain tumor is often a steroid like dexamethasone; there-
fore, it is important to be aware of its potential impact on 
imaging results. Steroid treatment has a great effect on tumor 
perfusion: even shortly after administration, the volume of 
enhancing tumor, rCBV, and permeability decreases drasti-
cally (Ostergaard et al. 1999; Armitage et al. 2007), which is 
due to a transient decrease in total vessel volume (Darpolor 
et al. 2011).

The primary focus of surgical resection is the contrast-
enhancing tumor mass with disrupted blood–brain barrier. 
Postsurgery imaging must exclude the presence of postsurgi-
cal infarcts with the help of diffusion weighted imaging 
(Smith et al. 2005; Gempt et al. 2013a, b). In early postsur-
gery imaging (<24–48 h after resection), contrast enhance-
ment most probably represents residual tumor, while 
postsurgical infarcts and reactive gliosis start to enhance 
somewhat later. The amount of nonenhancing tumor residual 
is often overestimated in these scans, which can be related to 
edema and postsurgical infarcts (Belhawi et  al. 2011). 
Perfusion imaging in addition to DWI can help in the differ-
entiation of these lesions.

Current standard adjuvant therapy of glioblastoma 
includes radiotherapy and concomitant chemotherapy. The 

Fig. 16  Imaging follow-up of a glioblastoma patient. Preoperative 
imaging (axial FLAIR and post-Gd T1w) shows a partially necrotic 
tumor with infiltrating borders and contrast enhancement. Early post-
surgery imaging (axial FLAIR and post-Gd T1w) shows persisting T2 
lesion and no enhancement (T1w hyperintensities correspond to blood 

products). Follow-up at 6 months after radiochemotherapy (axial 
FLAIR, post-Gd T1w, and DSC rCBV perfusion map): T2 lesion is 
progredient; rCBV elevation in a contrast-enhancing lesion suggests 
tumor recurrence, verified by histology
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Fig. 17  Imaging follow-up of another glioblastoma patient. 
Preoperative imaging (axial FLAIR and post-Gd T1w) shows—just 
like in Fig. 15—a partially necrotic tumor with infiltrating borders 
and contrast enhancement. Early postsurgery imaging (axial FLAIR 
and post-Gd T1w) shows no residual tumor. Follow-up at 3 months 

after chemotherapy (axial FLAIR, post-Gd T1w, and DSC rCBV 
perfusion map): extensive new T2 lesion and contrast enhancement; 
rCBV, however, is only partly and moderately elevated, suggesting 
pseudoprogression

imaging follow-up of these patients may reveal early 
imaging changes such as a progressive T2 lesion, contrast 
enhancement, and necroses even in patients who are doing 
well and in later follow-up these lesions regress. This 
phenomenon is called pseudoprogression because the 
conventional imaging changes are indistinguishable from 
tumor. Pseudoprogression may be caused by chemother-
apy—mainly due to a breakdown of the blood–brain bar-
rier and cytotoxic effects—or by radiation effects. 
Radiation necrosis may also result in delayed changes, 
months later (Sundgren and Cao 2009), by reducing over-
all tissue perfusion and increases permeability in both 
tumorous and healthy tissue, due to a decline in vessel 
density and an increase in vessel tortuosity (Lee et  al. 
2005; Fuss et al. 2000). The injured tissue is characterized 
by tissue edema and contrast enhancement in conven-
tional MRI, but perfusion weighted imaging may provide 
more insight into tissue pathology underlying these 
changes (Fig. 15).

Lesions in pseudoprogression and postoperative scars 
show significantly lower perfusion than early tumor progres-
sion (Choi et al. 2013). High rCBV strongly suggests tumor 
recurrence (see Fig.  15), while normal rCBV speaks for 
treatment-related changes (Sugahara et  al. 2000; Hu et  al. 
2009) (Fig. 16).

Pseudoresponse, on the other hand, is a term related to the 
use of anti-angiogenic therapies. These agents—antagonists 
of the previously mentioned angiogenic factors like VEGF—
act by inhibiting the development of new tumor vessels and 
“normalizing” the existing ones (O’Connor et al. 2007). In 
perfusion imaging, there is a drastic rCBV decrease even 
after administration of a single dose of such drugs; overall 
permeability is also decreased, resulting in disappearing con-
trast enhancement (Vidiri et al. 2012) and reduced vasogenic 
edema. These changes in tumor vascularization may have 
controversial effects on tumor biology, and up to now, perfu-
sion characteristics of glioblastoma under anti-angiogenic 
treatment cannot predict patient outcome (Figs. 17 and 18).
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Fig. 18  Glioblastoma with anti-angiogenic treatment. (Upper row) 
Pretherapeutic imaging (axial FLAIR, T1w post-Gd, DSC rCBV map). 
The large, enhancing, partly cystic tumor of the right temporal lobe 
shows high rCBV values in the solid tumor regions as well as in the 
infiltration zone (not shown). (Lower row) Follow-up of the same 

patient 14 months later (at this time point receiving bevacizumab treat-
ment). While there is a space-occupying FLAIR lesion on the medial 
rostral resection rim, no enhancement is seen and rCBV values are 
rather low. Biopsy revealed tumor recurrence
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Abstract 

During the last two decades the technical advancements of 
Diffusion Weighted Imaging have enabled the precise and 
repeatable characterization of brain tumor microstructure 
non-invasively, mainly by the use of the apparent diffusion 
coefficient (ADC) as a biomarker. This has led to many 
applications aiding in tumor grading, prognosis assessment 
and treatment monitoring.

Diffusion-weighted imaging (DWI) has been widely investi-
gated for tumor imaging to localize a tumor, to estimate its 
borders, and to discriminate nonneoplastic masses from pro-
liferating tumors or tumor types and grades. Further DWI 
was used for the separation of tumor infiltration from revers-
ible edematous tissue changes, the detection of white matter 
tracts for surgical planning and postsurgical controls, the 
monitoring of radiation or drug therapy response of tumors, 
and the separation of recurrent tumor from radiation necrosis 
(Field and Alexander 2004). Diffusion-weighted imaging 
contributes pathophysiological as well as microstructural 
information and is therefore another piece in the puzzle of 
the whole picture of a brain tumor.

1	 �Methods

Diffusion is a natural molecular transport mechanism caused 
by thermal energy, leading to perpetual random mixing of 
molecules. In biological systems this thermal motion, which is 
described by Brown’s law (Brown 1828), is dominating over 
diffusion caused by concentration differences being described 
by Fick’s first law (Fick 1855). In water, as an example of a 
free medium, this random mixing of molecules leads to a 
three-dimensional Gaussian displacement distribution of the 
molecules (Le Bihan 1995; Basser and Özarslan 2009; Le 
Bihan and Johansen-Berg 2012). During a given amount of 
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time, the molecules can randomly travel a certain distance, 
which is best described by the diffusion coefficient “D”:

	
X DT2 2= d 	

X2  – average mean-squared diffusion distance along one 
direction

D – diffusion coefficient
Td – diffusion time (adopted from Le Bihan and Johansen-

Berg 2012)
The diffusion coefficient is dependent on the medium and 

its viscosity, the size of the diffusing molecule, and the tem-
perature. In biological systems, the microstructural features 
of the environment also influence the diffusion coefficient, 
leading to a non-Gaussian displacement distribution. 
Compared to free water, the diffusion coefficient is reduced 
in biological tissues due to the interaction of the molecules 
with cells, cell membranes, fibers, or macromolecules (Le 
Bihan and Johansen-Berg 2012). During a short diffusion 
time, the diffusion coefficient is mainly influenced by the 
viscosity of the medium, and at longer diffusion times the 
effect of the microstructure becomes more important. This is 
the main effect for MR diffusion imaging given the typical 
MR diffusion sequences and their parameters. Although the 
typical MR image resolution is in the mm scale, the underly-
ing diffusion characteristics caused by the interaction of 
macromolecules with tissue microstructure are in the μm 
scale. Therefore, diffusion-weighted imaging provides clues 
about microstructure and geometric organization of healthy 
as well as pathologically altered tissues.

The basics for nowadays DWI methods were laid down 
by Purcell and Carr (Purcell et  al. 1946; Carr and Purcell 
1954), Hahn (1950) as well as Stejskal and Tanner (1965). 
One of the first diffusion-weighted human brain images was 
published in 1986 by LeBihan et al. (1986). The sequences 
used today still rely mainly on the pulsed field gradient 
(PFG) method. This method uses gradients for labeling space 
along a certain direction and time and sensitizes the MR sig-
nal to molecule/proton displacement. Molecule displace-
ment leads to signal attenuation, A, which is linked to the 
diffusion coefficient, D, by

	
A bD= −( )exp 	

b represents the so-called b-factor, which is a function of 
timing, amplitude, and length of the diffusion gradients (Le 
Bihan and Johansen-Berg 2012; Le Bihan et al. 1986). The 
degree of diffusion weighting can be set by the value of b, 
and higher b-values lead to increased diffusion weighting. A 
b-value of zero leads to an image without diffusion encod-
ing. In order to get quantitative diffusion images, one has to 
acquire images without and with diffusion encoding (b0 and 
b) and calculate D based on the equation mentioned before. 

A typical b-value for the brain is 1,000 s/mm2. It is advisable 
as well to acquire diffusion-weighted images with at least 
three different direction encodings in order to get so-called 
combined “trace” DW images and an apparent diffusion 
coefficient (ADC) being independent of the head orientation 
in the scanner. The trace is the sum of the three orthogonal 
diffusion coefficients; the orientationally averaged mean dif-
fusivity (MD) can be thought of trace/3 (Jones 2009). 
LeBihan introduced the global statistical parameter of appar-
ent diffusion coefficient in 1986 since the MR imaging scale 
is much bigger than the microscopic diffusion scale and 
since the estimation of the real diffusion coefficient D and 
diffusion process is challenging and the diffusion coefficient 
in biological tissues appears to be smaller than in free water 
(Le Bihan et al. 1986).

The preferred sequence type for DWI is single-shot echo 
planar imaging, which is robust in spite of artificial head 
motion and allows for rapid acquisition. On the downside 
this sequence type is susceptible to magnetic field distortions 
leading to geometric warping, eddy currents, and ghosting 
artifacts leading to geometric warping as well (Jones and 
Cercignani 2010; Pipe 2009) and intravoxel dephasing 
effects on image resolution, which have to be accounted for 
in data analysis. The distortions and artifacts are most pro-
nounced at the skull base and close to tissue calcifications 
and hemorrhages. Recent developments of DW sequences 
led to reduced distortions and better image quality (e.g., 
Maier et al. 1998; Bammer 2003).

A more detailed characterization of the diffusion process 
can be realized with at least six different diffusion direction 
encodings allowing for the calculation of the diffusion frac-
tional anisotropy (FA) and eigenvalues (Basser 1995; Basser 
and Pierpaoli 1996; Chenevert et al. 1990, 2006). The diffu-
sion tensor means a mathematical 3D model of the diffusion 
in space, being represented by an ellipsoid whose dimen-
sions are given by the eigenvalues and estimate the diffusiv-
ity in the respective direction. Diffusion anisotropy is a 
unit-less number and represents the amount of diffusion 
directionality within one voxel; its value ranges between 
zero and one (see Fig. 1). Anisotropy in the brain is mainly 
dependent on the organization of white matter in bundles of 
differently myelinated axon fibers with parallel orientation, 
and the diffusion speed along the fiber axis is faster com-
pared to a perpendicular direction by a factor of 3–6x for 
myelinated fibers (Le Bihan and Johansen-Berg 2012). 
Information about diffusion anisotropy and eigenvalues is 
part of diffusion tensor imaging (DTI) and can be transferred 
into tractography (Basser et al. 1994; Le Bihan and van Zijl 
2002), which allows for the reconstruction of primary diffu-
sion directions representing white matter fiber tracts (Lazar 
2010). Basis for this tensor calculation is a mathematical 
model, which assumes a 3D Gaussian diffusion in a voxel 
and a monoexponential signal decay during the diffusion 
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experiment, both of which are not always true in biological 
tissues. Nonetheless, DTI and tractography are widely used, 
and they have proved to be helpful in understanding normal 
brain structure as well as in detecting changes caused by 
various diseases.

Recent developments introduced a new diffusion metric 
called diffusion kurtosis imaging (DKI), which can be calcu-
lated from data with at least 15 direction encodings and 2 non-
zero b-values (Jensen et al. 2005; Lu et al. 2006; Tabesh et al. 
2010). DKI describes the non-Gaussian water movement in 

Fig. 1  Normal diffusion-weighted image (b = 1,000  s/mm2) of a 
6-year-old child (top left). Typical ADC images (top right). Parameter 
map of fractional anisotropy (FA) as intensity map (bottom left); high 
intensity indicates high anisotropy like in the corpus callosum. Color-

coded FA parameter map; the colors indicate the main diffusion direc-
tion within the voxel (red right to left, green anterior to posterior, blue 
cranial to caudal). Color mixtures are possible depending on the diffu-
sion direction
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biological tissues and can be interpreted as quantitative char-
acterization of microstructural tissue complexity. It is a 
model-free approach to diffusion characterization.

By the use of an extended b-factor range of up to 5,000 s/
mm2 without calculation of the kurtosis, one can also analyze 
the non-monoexponential diffusion-related signal decay 
(Maier et  al. 2010; Mulkern et al. 2009). This approach is 
also not yet part of routine imaging due to increased scan-
ning times, a rather difficult mathematical fitting of the data 
and debatable models and assumptions; so is the mathemati-
cal basis only valid for a single diffusion-encoding direction. 
This approach assumes that there are slow and fast diffusing 
water pools within the tissue with slow and fast diffusion 
coefficients, respectively. This method cannot be used widely 
in anisotropic tissues, but usually the anisotropy in the core 
of brain neoplasms is rather low (Maier et  al. 2010). 
Following this idea one can try to explain differences of 
ADC values between different tumors, for instance, by dif-
ferent slow or fast diffusing water pool sizes, thereby sup-
posing that slow diffusing water molecules are closely 
located to proteins or cellular membranes inside of the cells.

Diffusion-weighted imaging can also be used for an esti-
mation of tissue perfusion. Already early during the develop-
ment of diffusion-weighted imaging, LeBihan and colleagues 
described an influence of the microcirculation on the 
diffusion-weighted signal attenuation (Le Bihan et al. 1986). 
Intravoxel incoherent motion (IVIM) caused by blood flow 
within capillary vessels leads to a distribution of phases dur-
ing the influence of magnetic field gradients; this phase dis-
tribution then leads to signal attenuation of the voxel. The 
IVIM effect can be observed at b-values below 300 s/mm2 
and is still under investigation (Le Bihan 2012; Federau and 
O’Brien 2015).

In 2009 a consensus report summarized the recommenda-
tions for using diffusion-weighted imaging as a cancer bio-
marker (Padhani et al. 2009).

Therefore, DWI sequences should be part of standard MR 
examination in patients with cerebral masses and in patients 
under treatment of a brain tumor.

2	 �Microstructural Changes

Two distinct compartments are in the brain based on their 
main diffusion characteristics, which influence quantitative 
comparisons. The anisotropic compartment and its micro-
structure is mainly accounted for by the white matter con-
tents, which are densely packed axons with their myelin 
sheets, the macroglia consisting of oligodendrocytes and 
astrocytes, and the microglia. Intracellular neurofilaments 
and microtubules with their associated axonal transport 

mechanisms might also contribute to diffusion characteristics 
(Beaulieu 2009), although in vitro experiments question this 
(Beaulieu and Allen 1994a, b; Takahashi et al. 2002). In gray 
matter as the more isotropic compartment, the neurons and 
their directionally varying connections, tangles of dendrites, 
axon endings, and glial cell processes are the basic determin-
ing components for the microstructure. Mean diffusivity is 
very similar in white and gray matter, although the anisotropy 
is varying greatly among these tissue types. Even within the 
normal white matter, FA values as the measure of anisotropy 
vary depending on the tissue composition, being influenced 
by the number of axons, axon density and size, packing, 
myelin thickness, and amount of crossing fibers (Pierpaoli 
et al. 1996). Typical ADC values for normal white matter are 
about 0.7 μm/ms2 (Maier et al. 1998) and for deep gray matter 
about 0.75 μm/ms2 (Helenius et al. 2002), and these values 
are valid for a b-value of 1,000 s2/mm. Besides this also MR 
acquisition parameters (e.g., b-value, diffusion time, SNR, 
matrix) influence the calculated diffusion parameters.

Based on this it is not possible to compare one tract in 
the brain with another and to infer the myelin thickness or 
number of axons from diffusion values, for instance 
(Beaulieu 2009). However, if one compares diffusional 
characteristics longitudinally or specific tracts and brain 
structures between patients and controls, interpretations 
can become possible.

Tumors can have several effects on the surrounding tis-
sues leading to microstructural changes. They can cause (1) 
dislocation of normal structures, (2) infiltration of adjacent 
tissue, (3) destruction of neighboring structures like white 
matter tracts, or (4) edema formation (Maier et al. 2010); in 
reality one can find a mixed pattern with no clear differentia-
tion between these effects. Tumors itself differ from each 
other with respect to cellularity, microstructural complexity, 
amount of necrosis, and vascularity.

ADC values of brain tumors span a broad range from 
about 0.6*10−3 mm2/s in case of medulloblastomas to about 
2.5*10−3 mm2/s in case of dysembryoplastic neuroectoder-
mal tumors (Yamasaki et  al. 2005). In most tumors, the 
ADC values are reported to be higher than ADC values of 
normal brain tissue, indicating microstructural differences 
between the two. Due to peritumoral edema with ADC val-
ues of about 1.3 mm2/s, it can be difficult to determine the 
tumor border by ADC values alone. The tumor-infiltrated 
edema surrounding gliomas has been the focus of several 
investigators, trying to find differences from pure vaso-
genic edema surrounding meningiomas or metastases 
(Kono et  al. 2001; Provenzale et  al. 2004; Pavlisa et  al. 
2009; Lee et  al. 2011). Kono et  al. (2001) as well as 
Provenzale et al. (2004) found no significant ADC differ-
ences in the peritumoral edema of glioblastomas and 
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meningiomas, whereas Lee et  al. (2011) found a higher 
minimum ADC around glioblastomas compared to metas-
tases. When using FA as the diffusion marker, the results 
were differing. Provenzale found lower peritumoral FA val-
ues in gliomas compared to meningiomas, while no differ-
ence was found in studies comparing FA values around 
gliomas and metastases (Lu et al. (2003, 2004) and Tsuchiya 
et al. (2005)). In 2004 the group of Lu et al. (2004) intro-
duced a “tumor infiltration index,” which they found to be 
helpful in differentiating edema around metastases, menin-
giomas, and gliomas. Based on the varying results, the 
detection of infiltrated edema based on ADC and FA values 
remains a challenge. Price et al. used diffusion tensor imag-
ing for their approach to delineate glioma margins (Price 
et al. 2006). They employed an analysis method that sepa-
rates the diffusion tensor into the isotropic and anisotropic 
components, and they reported the successful identification 
of the infiltrating glioma margins with high sensitivity and 
specificity (98 and 81 %, respectively).

3	 �Tumor Grading, Typing, 
and Heterogeneity

The gold standard of tumor grading nowadays is still the histo-
pathological evaluation under the microscope of tissue charac-
teristics like cell density, tissue architecture with cell 
arrangement, cellular atypia in size and shape and changes of 
the nucleus, as well as occurrence of microvessel proliferations 
and necrosis. Recently, genetic molecular profiling of brain 
tumors gained more interest, because important genetic altera-
tions might be without histomorphological counterparts.

Diffusion-weighted imaging has the advantage of a more 
complete sampling of information of the whole tumor by 
probing the water diffusion over distances corresponding to 
cell sizes. In many studies an inverse relationship between 
ADC values and tumor grading has been described (Alvarez-
Linera et  al. 2008; Arvinda et  al. 2009; Bai et  al. 2011; 
Bulakbasi et al. 2004; Poretti et al. 2013), thereby also indi-
cating an inverse relationship between ADC values and 
tumor cellularity  – tumors with low grade tend to show 
higher ADC values, and higher-grade tumors tend to have 
lower ADC values in their solid parts. Such a relation was 
also shown for cerebral lymphomas and high-grade gliomas 
(Guo et al. 2002); in this ROI-based study, lower mean ADC 
values were found in lymphomas compared to high-grade 
gliomas. An explanation for this inverse relationship could 
be that the amount of membranes, which are obstacles to free 
diffusion, is increased with increasing cellularity. Maier et al.  
(2010) pointed out that within a certain tumor type also intra-
cellular membranes like the endoplasmic reticulum can have 

an effect on the diffusion coefficient, and schwannomas with 
their high cellularity but surprisingly high average ADC val-
ues were used by him as a counterexample. Low ADC values 
of highly cellular tumors could be caused by an increased 
fraction of slowly diffusing water pools within the tumor 
according to the fast and slow pool theory. Low-grade tumors 
might have a higher water content inside or between cells, so 
one has to consider other mechanisms like protein/water 
interactions as well besides cellular membranes being obsta-
cles to diffusion. Alvarez-Linera et al. found increased DWI 
signals on high b-value images (b = 3,000  s/mm2) in high-
grade gliomas, while the majority of the low-grade gliomas 
in their study group showed no areas of increased signal 
intensity (Alvarez-Linera et al. 2008). Increasing the b-value 
reduces the amount of the T2 shine-through leading to a 
higher conspicuity of tissues with restricted diffusion.

Using the recent development method of diffusion kurto-
sis imaging (Jensen et al. 2005; Jensen and Helpern 2003, 
2010), we could show that kurtosis metrics were superior to 
diffusivity values in separating glioma grades, especially 
also WHO grades II and III (Raab et al. 2010). Van Cauter 
et al. confirmed our findings (Van Cauter et al. 2012).

It is well known that brain tumors can be very inhomoge-
neous, making a decision, for instance, on the site of biopsy 
difficult. DWI can quickly cover the whole tumor and is able 
to show inhomogeneous tissue areas (see Fig. 2).

Apart from grading of gliomas, the characterization of 
different brain tumors and their subtypes has also been inves-
tigated with diffusion-weighted imaging. The discrimination 
between metastases and glioblastomas and especially the dif-
ferential diagnosis of a single rim enhancing and centrally 
necrotic tumors can be difficult on standard MR imaging, 
since a cerebral abscess and hemorrhage can mimic these 
two tumor types based on standard imaging.

Early work already could demonstrate a clear benefit 
from diffusion-weighted imaging for the identification of 
an abscess by showing restricted diffusion within the cyst-
like cavity of the tumor representing the purulent fluid col-
lection (Desprechins et  al. 1999; Ebisu et  al. 1996; Toh 
et al. 2011). One has to keep in mind that acute and sub-
acute hemorrhages can present with reduced ADC values 
(Atlas et al. 2000; Busch et al. 1998; Ebisu et al. 1997) pos-
sibly mimicking a brain abscess in the situation of a hemor-
rhagic tumor.

For the separation of metastasis from glioblastomas, sev-
eral studies have shown that lower ADC values in solid 
tumor parts tend to indicate metastasis (Byrnes et al. 2011), 
whereas higher peritumoral FA values indicate a glioblas-
toma (Tsuchiya et al. 2005). Certain tumor types can even be 
recognized almost only by diffusion-weighted imaging in 
combination with the tumor location. Central neurocytomas 
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Fig. 2  This tumor was diagnosed as glioblastoma based on molecular 
genetic as well as histomorphological markers. Histomorphology and 
DWI imaging reveal the heterogeneity of this tumor. The smaller 
thicker arrows indicate a tumor part with lower cell density and archi-
tectural remnants of pseudopalisading, and this area shows almost nor-
mal ADC values combined with elevated DWI signal. The longer 

thinner arrows point at an area with very high cellularity, and the cells 
are positioned closely to each other without an order, and on MRI this 
corresponds to a nodule with lower T2w signal, strong DWI hyperin-
tensity, and very low ADC values (Histologic images are by courtesy of 
Prof. F.  Feuerhake, Neuropathology, Hannover Medical School, 
Germany; MR images by courtesy of Dr. Puschmann, Damme)

are typically located close to the foramen of Monroi, and 
they often show an intermediate T2w signal and may con-
tain small cystic areas. The DWI signal is typically hyper-

intense with very low ADC values (see Fig. 3 (Kocaoglu 
et  al. 2009; Tlili-Graiess et  al. 2014)). Similar diffusion 
characteristics are found in medulloblastomas. This tumor 
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shows the lowest ADC values of pediatric brain tumors in 
the posterior fossa (Hattingen et  al. 2008; Koral et  al. 
2013; Pierce et al. 2014) (see Fig. 4). Due to this feature, 
diffusion-weighted imaging is important for follow-up 
examinations, since even small metastases or recurrent 
tumors can be recognized by their high diffusion signal. 
Only the very rare atypical teratoid rhabdoid tumor (ATRT) 
can show the same increased diffusion signal intensity 
with low ADC values also in the posterior fossa (Koral 
et  al. 2008). The other posterior fossa tumor types show 
higher ADC values than medulloblastomas, although, for 
instance, ependymomas might have smaller areas with low 
ADC values also.

A very typical DWI signal pattern is found in epidermoid 
tumors. They show a very hyperintense diffusion signal com-
bined with CSF-like (cerebrospinal fluid) T2w signal inten-
sity and almost normal parenchymal ADC values (see Fig. 5).

Tumefactive or tumorlike demyelinating lesions (TDLs) 
represent a differential diagnosis to gliomas. Compared to 
low-grade gliomas that show a homogenous ADC elevation, 
these TDLs have centrally elevated ADC values surrounded 
by a rim of low ADC values (see Fig. 6). This rim repre-
sents the area of active inflammation, which is surrounded 
by elevated ADC values due to the surrounding edema 
(Hyland et al. 2013; Miron et al. 2013; Saini et al. 2011; 
Yacoub et al. 2011).

Fig. 3  Central neurocytoma with typical T2w appearance, location, and restricted diffusion

Fig. 4  Typical medulloblastoma of the 4th ventricle with slightly hyperintense T2w signal, strongly elevated DWI signal and very low ADC 
values in the solid tumor parts (from left to right)
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4	 �Prognostic Marker

In 2013 Zulfigar et  al. (2013) presented a meta-analysis 
regarding ADC values and prognosis of malignant astro-
cytomas. They identified four studies reporting ADC val-
ues and survival data, covering overall 181 cases. Although 
therapy regimes differed among those four studies, ADC val-
ues showed an inverse relation with survival. Glioblastomas 
and anaplastic gliomas with minimum ADC values from 
solid tumor parts below cutoff values (range from 0.6–

1.0 × 10−3 mm2/s) showed poorer survival than glioblastomas 
with minimum ADC values above the threshold. They 
concluded that low ADC values in malignant gliomas cor-
relate with poor survival, independent from tumor grade. 
Gupta et al. (2011) indicated that areas with restricted diffu-
sion and without contrast enhancement in or adjacent to glio-
blastomas will turn into contrast-enhancing lesions a couple 
of months later (median 3.0 months, range 2.6–4.1 months).

In case of recurrent glioblastomas, ADC values were 
evaluated for their prognostic importance. In 2009 Pope 

Fig. 6  Tumefactive 
demyelinating lesion 
(T2-weighted image on the left, 
ADC on the right). These 
lesions characteristically tend to 
have a T2w-hyperintense center 
and a rim with low T2w signal 
surrounded by edema. The T2w 
dark rim of these lesions has 
typically a bright diffusion-
weighted signal with low ADC 
values, and often the ADC 
values of the center are higher 
compared to the surrounding 
edema

Fig. 5  Infratentorial epidermoid with typical DWI hyperintensity, CSF-like T2w signal, and ADC values almost normal compared with the nor-
mal brain
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et  al. (2009) reported that ADC histogram analysis of the 
enhancing tumor volume predicts the response of recurrent 
glioblastomas to bevacizumab treatment. They compared 
histogram ADC values fitted with a two-compartment normal 
mixture model and means for the upper and lower ADC 
curve. Patients with lower ADC > 1,201 × 10−6 mm2/s showed 
a longer time of survival after bevacizumab treatment. In a 
following study this group could link glioblastoma patients 
after treatment with external beam radiation and bevaci-
zumab with low ADC means to a methylated MGMT pro-
motor status and a better prognosis (Pope et  al. 2011). 
Sunwoo et al. analyzed ADC values of enhancing tumor vol-
umes and the MGMT promotor status in glioblastoma 
patients prior to therapy. They found a positive correlation of 
mean ADC and the methylated MGMT promotor status as 
well as longer progression-free survival.

Mostly low ADC values in untreated gliomas correspond 
to high cellular regions tending to be more aggressive, which 
might be different in optic pathway gliomas (OPG). Yeom 
et al. could follow up on OPG patients, and at the time of 
necessary treatment, these tumors showed higher mean ADC 
values than the stable tumors within their cohort. In their dis-
cussion the authors attributed this finding based on a publica-
tion by Hoyt and Baghdassarian (1969) to the certain 
mechanisms of growth, expansion through collateral hyper-
plasia of adjacent glia and connective tissue or by production 
of extracellular matrix. Grech-Sollars and colleagues ana-
lyzed diffusion data and survival in children with embryonal 
brain tumors (Grech-Sollars et  al. 2012). They used the 
apparent transient diffusion coefficient in tumor (ATCT), 
which describes the gradient of ADC change from the last 
voxel outside of the tumor to the first three voxels within the 
tumor, calculated by the slope of the measured ADC values. 
Patients with a more negative ATCT had a poorer prognosis 
compared to patients with a less negative ATCT.

Pontine gliomas are diffusely infiltrating tumors, which 
were studied by Lober et al. (2014) with respect to prognos-
tic subgroups by diffusion-weighted imaging. In 20 consecu-
tive patients, they found a median ADC of 1.295 × 10−6 mm2/s, 
and the group with mean ADC below this median showed a 
lower median survival of 6 months compared to 12 months in 
the high ADC group.

Zakaria et  al. studied the prognostic value of diffusion 
parameters in patients with metastases and found that mini-
mum ADC values within the solid enhancing tumors of greater 
than 919.4 × 10−6 mm2/s, which was the median, indicated lon-
ger survival regardless of adjuvant therapies (Zakaria et  al. 
2014). An even better indicator was the ADC transition coef-
ficient from the tumor across the border into the surrounding 
tissue (1 ROI inside the tumor, 3 ROIs in line outside of the 
tumor, slope calculation of the linear regression line of ADC 
values) – tumors with a sharp ADC change across the border 
(ATC >0.279) correlated with shorter overall survival. The 

authors also found different minimum ADC values in metasta-
ses from different primary cancers, also correlating with tumor 
cellularity. In contrast, Berghoff et  al. found no correlation 
between cellularity and mean ADC values in their group of 
metastases, although semiquantitative DWI signal intensity 
and mean ADC values correlated with patient survival times 
(Berghoff et al. 2013). High DWI signal correlated with the 
amount of reticulin deposition between the tumor cells; the 
prognostic relevance of the diffusion data was even indepen-
dent from other known prognostic factors like the primary 
tumor type, the KPS, and the adjuvant postsurgical therapies.

Diffusion-weighted imaging is used for prognosis estima-
tions for different brain neoplasms; mostly low ADC values 
in treatment-naïve tumors correlate with poorer survival or 
shorter time to progression.

5	 �Treatment Monitoring

Besides standard MR imaging with morphological oriented 
sequences, nowadays physiologic MR imaging including 
diffusion-weighted imaging is often used for monitoring of 
therapy-induced tissue changes in brain tumors.

Early postsurgical MR imaging is important for the detec-
tion of residual neoplastic tissue, but also for the detection of 
surgically induced tissue alterations like an infarction. The 
detection of such a lesion is important since the enhancement 
of a subacute brain infarction should not be misinterpreted as 
progressive tumor.

Therapy-induced changes of the tumor cells have to occur 
prior to gross total volume changes of the whole tumor, 
which then are measurable by standard imaging methods. 
Changes in cell sizes, tumor architecture, development of 
necrosis, and edema should be detectable by diffusion-
weighted imaging during longitudinal examinations.

Most studies on primary brain tumors were done on glio-
blastomas. Ellingson et  al. used functional diffusion maps 
(Ellingson et al. 2011, 2012a, b, 2013), which are calculated 
by coregistering pre-therapy and post-therapy DWI images 
and ADC maps to each other and comparing the two on a 
voxel-by-voxel basis. The quality of coregistration is crucial 
for the quality of the results. This approach can be used either 
for different types of therapy and has been shown to be able 
to predict overall survival depending of the amount of ADC 
changes. ADC changes within enhancing tumor areas com-
pared to areas of FLAIR hyperintensity were better predictive 
of overall survival (Ellingson et al. 2011), and bigger volumes 
of decreasing ADC in pretreatment FLAIR-hyperintense or 
contrast-enhancing areas indicate earlier progression after 
radiotherapy (Ellingson et  al. 2012b). Hiramatsu et  al. also 
used functional diffusion maps for the estimation of treatment 
effects after boron neutron capture therapy in glioblastomas 
(Hiramatsu et al. 2013). By using this technique, the authors 
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could detect response patterns as early as 2 days after treat-
ment prior to standard imaging techniques. An increase of the 
number of ADC decreased voxels compared to pretreatment 
data was a good predictor. This ADC decrease is often inter-
preted as a progressing tumor, but also cellular swelling like 
in ischemic stroke can lead to low ADC values which the 
authors confirmed by histological examination. Low ADC 
areas after therapy can also be seen after antiangiogenic ther-
apy with bevacizumab, as it was reported by Hattingen et al. 
and Mong et al. (2011; 2012), indicating response to therapy 
likely due to energy depletion.

�Conclusion

Diffusion-weighted imaging has shown its potential to 
contribute to individual tumor characterization. ADC val-
ues in solid parts of untreated gliomas tend to correlate 
inversely with cellularity and grade and therefore also 
with prognosis. Special ADC patterns with importance to 
the differential diagnosis are found in medulloblastomas, 
central neurocytomas, epidermoids, brain abscesses, and 
tumorlike demyelinating lesions. Diffusion data can also 
be helpful to differentiate between glioblastomas and 
metastases. During therapy ADC can be a possible marker 
for response or therapy failure, but ADC changes have to 
be interpreted with respect to the therapy used – destruc-
tion of cells likely increases ADC, whereas cytotoxic 
effects might lead to cell swelling and thereby restricted 
diffusion and lower ADC values.

For the interpretation of ADC values, one has to keep 
in mind that this parameter is not only influenced by 
microstructural determinants like cellular membranes, 
but it also depends on physiological changes like cell 
swelling or changes in viscosity; also hemorrhages, cal-
cifications, and necrosis can have a confounding effect 
on ADC values. Recent sequence developments to 
reduce distortions and to get better SNR, methodologi-
cal developments like diffusion kurtosis imaging, or 
analysis methods like functional response maps together 
with improved coregistration methods will further 
improve the contribution of DWI to individualized 
therapy.
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Conventional MRI may considerably improve the differen-
tial diagnosis of space-occupying brain lesions. However, 
the specificity for providing a definite diagnosis remains  
limited. Given the fact that final diagnosis should be based 
on histopathology and immunohistochemistry, imaging 
diagnosis seems to be of minor significance. However, some 
decisions must be met prior to surgical tissue sampling, e.g., 
the avoidance of steroids if CNS lymphoma is suspected or 
the definition of the target area for biopsy in inhomogeneous 
gliomas (see Chap. MR Imaging of Brain Tumors).

Therefore, improving differential diagnosis of brain 
tumors may have decisive influence on further therapy and 
on surgical strategy.

Advanced MR imaging methods are more specific com-
pared to conventional MRI and may thus provide additional 
information on tumor biology and tumor morphology. 
Methods mainly exploring tumor biology, as e.g., tumor 
vasculature and metabolism, are described elsewhere (see 
Chaps. MR Spectroscopic Imaging and MR Perfusion 
Imaging). While standard MRI is optimized for showing 
tumor morphology, more advanced MR methods can help 
with tissue characterization. The best known technique in 
this respect is diffusion-weighted imaging and its further 
developments (see Chap. Diffusion-Weighted Methods). 
Further techniques for the characterization of tumor tissue 
are the MR relaxometry and the susceptibility-weighted 
imaging, both detailed in this chapter.

We also describe experimental methods based on chemi-
cal exchange, which have high potential to uncover tumor 
biology but are yet to be evaluated in large patient cohorts.

1	 �MR Relaxometry Techniques

Standard MRI sequences provide images that may display 
different weightings, such as T2 (transverse relaxation time) 
weighted images, T1 (longitudinal relaxation time) weighted 
images, images with a combination of both weightings (as 
in fluid-attenuated inversion recovery, FLAIR), or images 
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where both weightings are suppressed (proton density (PD) 
weighted). In fact, signal intensities and image contrast 
provided by standard MR sequences are influenced to some 
degree by all parameters (T2, T1, PD) described so far. In 
addition, inhomogeneities of the static magnetic field and 
MR hardware-related effects have an influence on image 
quality too. The relaxation times (T2, T1) and proton den-
sity vary between different tissues and fluids, and their influ-
ence on image contrast is difficult to estimate in standard 
MRI.  Different parameters (T1, PD) exhibit opposite sig-
nal behavior (Fig. 1), resulting in a partial masking of their 
respective weightings. This effect may reduce the detectabil-
ity of pathological structures (Fig. 2).

These ambiguous contrast phenomena can be avoided 
by acquiring a series of MR images with different T1 or T2 
weighting which allows calculating the respective relaxation 
time. The resulting parameter maps provide quantitative 
values of the relaxation times (T1, T2) and thus offer more 
unequivocal information on tissue characteristics Schad et al. 
1993. The following sections deal with the diagnostic value 
of these parameters.

However, the systematic approach to obtain these param-
eter maps is challenging. Current advances in MR imaging, 
hardware and post-processing techniques prepare the way to 
resolve these problems. The description of these quantitative 
methods is beyond the scope of this book and reference is 

Fig. 2  A glioblastoma of the splenium of the corpus callosum with 
adjacent subtle white matter changes which extended into both hemi-
spheres and were suspicious for gliomatosis. Images from standard 
MRI (T1-w) and quantitative maps (qR1 and PD) are shown as in Fig. 1. 
T1 relaxation times of this infiltrative tumor are shorter compared to the 
glioblastoma in Fig.  1, resulting in a less hypointense appearance in 
qR1, while the PD is comparable. Thus, the tumor is hardly seen on 

standard T1-w images. Also note the bright signal in T1-w of the dorsal 
brain which is due to RF coil inhomogeneities. Quantitative mapping of 
theT1 relaxation time or its inverse, the R1 relaxation rate, eliminates 
the RF coil inhomogeneities and the PD contrast, thus showing the 
tumor much clearer in qR1. Even subtle changes of the adjacent white 
matter may be depicted

Fig. 1  A left frontal glioblastoma is shown in a conventional T1-w axial 
image (T1-w) without a contrast agent, in a map of quantitative R1 relax-
ation rate (qR1) with R1 = 1/T1, and in a map of proton density (PD). 
The qR1 map is gray scaled, showing the increasing T1 relaxation time 
from white to black; the PD map shows increasing PD values from black 

to white. The tumor is hypointense compared to white matter in the 
T1-w image due to the longer T1 relaxation time of tumor tissue (dark 
gray in qR1). However, the PD is increased in the tumor, increasing the 
signal in all weighted images of the standard MRI including T1-w 
images. This may attenuate the hypointense signal in T1-w images
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made to some reviews (Cheng et al. 2012; Tofts 2003). Apart 
from their diagnostic value, these quantitative parameter 
maps are free from magnetic field inhomogeneities, RF coil 
characteristics and the specific choice of imaging parameters 
(e.g., TR, TE), thus allowing the quantification of pathological 
tissue changes. The diagnostic advantages of quantitative and 
semiquantitative MR parameter evaluation have been shown 
in MS patients (Cheng et al. 2012; Hasan et al. 2012; Tofts).

Unfortunately, most quantitative MR studies on brain 
tumors date from decades ago, i.e., the early stages of method-
ical development restricted by less developed hardware and 
low computational power. Damadian was the first to report 
prolonged T2- and T1-relaxation times in neoplastic tissue 
(Damadian 1971). Although the benefit of quantitative MR 
methods in differential diagnosis of brain tumors has yet to be 
shown, it should be considered as one of the most challenging 
responsibilities for radiologists to establish standardization 
and reliable MR parameter quantification in tumor imaging, 
especially in the context of tumor monitoring.

2	 �Transverse Relaxation Time T2

The spin-spin or transverse relaxation time T2 describes the 
exponential decay of the component of the tilted magnetiza-
tion, which is perpendicular to the static magnetic field. 
Local inhomogeneities of the static magnetic field (e.g., due 
to magnetic susceptibility differences or chemical shifts) 
lead to an acceleration of this decay, which is described by 
the effective transverse relaxation time T2*.

The transverse relaxation rate (R2) experienced by a spin, 
which is the inverse of T2, depends on the energy transfer 
between two spins, yielding fluctuations of their respective 
Larmor frequencies. The T2 relaxation time is long in tissues 
with freely moving water molecules, such as those in pure 
water and aqueous solutions. Macromolecules (e.g., myelin, 
proteins) interacting with the water molecules influence the 
T2 relaxation time, which decreases as the concentration of 
macromolecules increases. Most brain pathologies (e.g., 
tumor infiltration, edema, gliosis) result in an accumulation 
of abnormal fluids and/or in a decrease of macromolecules 
within the brain tissue. Therefore, T2-weighted MR images 
(T2-weighted sequences in the strict sense and also FLAIR 
which displays a T1 contrast in addition to the T2 weighting) 
are used to detect brain pathologies as most of them appear 
bright against the darker normal tissue. Mapping of the relax-
ation time T2 in the brain quantifies changes of the normal and 
pathological tissue in an objective and reproducible manner.

Experimental animal studies as well as human studies 
demonstrated that glioma tissue has significantly longer T2 
relaxation times compared to normal brain tissue (Englund 
et al. 1986; Hoehn-Berlage et al. 1992; Oh et al. 2005) and 
even compared to non-glial tumors (Englund et al. 1986; Oh 
et al. 2005). Positive correlation of T2 with ADC values in 

brain tumors implies that T2 values are related to the water 
content of the tumor. Therefore, higher T2 values indicate 
more necrotic tumors with lower tumor cell density, whereas 
a high cell density or a high amount of interstitial reticulin 
deposition lowers the T2 values of tumor tissue (Englund 
et al. 1986; Berghoff et al. 2012; Oh et al. 2005). Furthermore, 
a higher T2 relaxation time was observed in peritumoral 
edema as compared to normal tissue. It is well known from 
stereotactic surgery that the so-called peritumoral edema of 
gliomas is a mixture of vasogenic edema and tumor cell infil-
tration. The T2 value of the edema adjacent to the enhancing 
tumor (i.e., the tumor signal enhances in a T1-weighted 
image after application of a contrast agent) may help to dif-
ferentiate metastases from gliomas: T2 values in the pure 
vasogenic edema of metastases and meningiomas were lon-
ger than those in the immediate peritumoral edema of glio-
mas (Oh et  al. 2005). Despite these promising results, it 
should be emphasized that the characterization of neoplastic 
tissue changes such as necrosis, tumor cell accumulations, 
edema, and vasculature may not be determined by quantitative 
MRI alone, but also requires visual scrutiny of structural 
patterns.

This approach also helps to monitor tissue changes such 
as increasing tumor infiltration over time by using subtrac-
tion maps. For this purpose, consecutive follow-up maps 
of the relaxation time T2 of an individual patient are co-
registered and subtracted voxel-wise from a reference map 
of the same patient. This allows the detection even of subtle 
tumor infiltration which might not be detectable by visual 
inspection (Hattingen et al. 2013).

Apart from tumor infiltration, acute therapeutic reactions 
like radiation necrosis may also increase the T2 relaxation 
time (Larocque et  al. 2009). However, T2 values can also 
decrease under radiation, possibly due to the presence of 
paramagnetic substances such as blood products. Our own 
experience from T2 mapping of glioblastomas is that dif-
ferences in T2 relaxation times are highest between edema 
and normal brain tissue, whereas the tumor tissue demon-
strates a wider range of T2 values sometimes even similar 
to normal brain tissue. In particular, antiangiogenic therapy 
of patients with progressive glioblastomas resulted in a sig-
nificant decrease of the T2 value in tumor tissue approach-
ing T2 values similar to normal brain tissue (Hattingen et al. 
2013). Tumor tissue with a low T2 relaxation time exhibits 
a reduced signal on T2-weighted images, reducing the per-
ceptibility of these “darker” tumors which might thus be 
visually missed. This could explain why progression-free 
survival – but not the overall survival – is longer under anti-
angiogenic therapy compared to other treatment modalities: 
real progression of non-enhancing tumors may be visually 
missed under antiangiogenic therapy. The lower T2 values 
seem to reflect a normalization of the blood-brain barrier 
(BBB) under antiangiogenic therapy, which reduces edema 
and therefore tumor water content.

Advanced MR Methods in Differential Diagnosis of Brain Tumors
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In summary, T2 relaxation time mapping of brain tumors 
seems to be sensitive to the detection of tumor-related tis-
sue changes and might be an excellent tool for longitudinal 
tumor monitoring (T2 difference maps), whereas the speci-
ficity of the changes is limited.

3	 �Effective Transverse Relaxation Time 
T2* and Susceptibility-Weighted 
Imaging (SWI)

The effective transverse relaxation time T2* reflects the 
dephasing of the transverse magnetization in gradient echo 
sequences which is due to the spin-spin relaxation and local 
field inhomogeneities. Therefore, T2* is influenced by local 
microscopic and macroscopic magnetic field inhomogene-
ities due to susceptibility differences between tissue types 

and chemical shifts. Macroscopic field inhomogeneities (B0) 
are found near the skull base and may also be induced by 
metallic devices. Microscopic field inhomogeneities result 
from physiological iron depositions in the deep nuclei of 
the brain and deoxyhemoglobin (deoxyHb) in blood. The 
relation of diamagnetic oxyHb to paramagnetic deoxyHb 
mainly influences the T2* relaxation time in brain tissue, 
which is also known as “blood oxygenation level-dependent” 
(BOLD) effect. In summary, T2* is influenced both by spin-
spin relaxation (which is described by T2) and susceptibility 
effects (which are described by the relaxation time T2′). The 
mathematical correlation of these three relaxation times is 1/
T2′ = 1/T2* − 1/T2 or alternatively when using the relaxivi-
ties R′ = R2* − R2. Measuring T2* and T2 relaxation times, 
B0 field inhomogeneities and blood volume fraction yield 
reliable information on the oxygenation of brain tumors 
(Fig.  3), so that T2′ mapping in combination with an MR 

Fig. 3  Compilation of different parameter maps from quantitative MRI 
in a patient with left frontal glioblastoma: the upper row shows maps of 
the transverse relaxation times T2, T2*, and T2′ (qT2, qT2*, and qT2′) 
and a conventional T2-weighted image (T2-w); the lower row shows 
maps of the longitudinal relaxation time before (qT1) and after applica-
tion of a contrast agent (qT1+CA), the difference map (Diff) resulting 
from voxel-wise subtraction of (qT1+CA) from qT1, and a conven-
tional T1-weighted image after application of a contrast agent 
(T1w+CA). The standard MR images (T2-w and T1w+CA) show the 
tumor’s central necrosis, which is surrounded by solid tumor tissue 
enhancing after CA application, and a large edema. The images also 
show that the non-enhancing part of the tumor infiltrates the corpus cal-
losum and the basal ganglia and that there is a small area of edema in 
the contralateral frontal lobe. However, the maps of the different relax-

ation times reveal further biological information: The T2′ map (which 
is T2* without T2 effects) reveals some dark areas which might repre-
sent hypoxia and/or tumor bleedings (white stars). The qT1 map depicts 
the whole tumor extension and its relation to the anatomical structures 
showing high gray-white matter contrast (please note the inverse con-
trast compared to the qR1 map in Figs. 1 and 2; in qT1 the T1 relaxation 
time increases from black to white). The CA shortens the T1 relaxation 
time (dark areas in qT1+CA). However, voxel-wise subtraction of 
qT1+CA from qT1 yields a T1 difference map (Diff) additionally 
depicting tumor enhancement in the corpus callosum and basal ganglia 
which is missed on T1-weigthed images after application of a CA 
(T1w+CA) (white arrow heads). Additional slight enhancement is also 
seen in the “edema” region (white arrows), suggesting angiogenetic 
reactions from invisible tumor infiltrations
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perfusion measurement may be considered as “hypoxia imag-
ing” (Tóth et al. 2013). Tumor hypoxia is considered as an 
important motor of malignant transformation and, therefore, 
increases the tumor’s aggressiveness. It also causes resis-
tance of the tumor to chemotherapy and radiation mediated 
by the activation of HIF-1α and carbonic anhydrase IX and 
XII (Harguindey et  al. 2009). The indirect measurement of 
hypoxia by T2′ quantification might provide insight into the 
pathophysiology of brain tumors and into the effects of ther-
apy (Hattingen et al. 2013; Hoskin et al. 2007). Saitta et al. 
could show that high-grade tumors revealed lower T2′ values, 
suggesting a higher degree of hypoxia in these fast growing 
and proliferating tumors (Saitta et al. 2011). However, it is 
not possible to differentiate deoxyHb from other microscopic 
sources of susceptibility effects like tumor microbleeds. This 
might result in confounding results in glioblastomas, since 
microbleeds are a very typical characteristic of this type of 
brain tumor. It has turned out that the detection of microbleeds 
in high-grade gliomas is very helpful for discriminating them 
from other space-occupying pathologies such as demyelinat-
ing lesions, lymphomas, and metastases (see below).

Since microbleeds are best detected with high-resolution 
susceptibility-weighted imaging (SWI), this method plays an 
important role in tumor diagnosis. Since field inhomogeneities 
and thus susceptibility effects increase with the field strength, 
this relatively new MR technique benefits from higher field 
strengths which become increasingly available in the clinic. In 
SWI, filtered phase and magnitude information are combined 
to create a new susceptibility-weighted image contrast (Haacke 
et  al. 2004). SWI visualizes normal or pathological venous 
structures and microbleeds that are not visible on conventional 
MR images. Pronounced intratumoral susceptibility signals 
(ITSS) are found in almost all glioblastomas but not in CNS 
lymphomas, demyelinating diseases, and low-grade gliomas 
(Mittal et al. 2009; Park et al. 2010; Peters et al. 2012). In most 
cases, microbleeds in metastases are less pronounced com-
pared to microbleeds in glioblastomas (Park et  al. 2010). 
Furthermore, intralesional venous structures differ consider-
ably between different space-occupying brain lesions. The 
perivenous inflammation in multiple sclerosis (MS) lesions 
shows a typical SWI pattern revealing normal venous struc-
tures which are the lead structures for the MS plaques (Mittal 
et  al. 2009). In contrast, high-grade gliomas not only show 
prominent microbleeds, but also a distorted and irregular neo-
vasculature (Kim et al. 2009; Mittal et al. 2009).

4	 �Longitudinal Relaxation Time T1

Several studies showed a positive correlation between the brain 
water content and the T1 relaxation time (MacDonald et  al. 
1986; Fatouros et al. 1991). The positive correlation of the mean 
diffusivity of water (Bastin 2002) and the T1 relaxation time 
and a significant T1 reduction under antiedematous therapy sup-
port the hypothesis that the T1 relaxation time reflects the tissue 

water content (Andersen et al. 1993). Longer T1 values were 
found in enhancing lesions of MS patients compared to non-
enhancing lesions, indicating a disruption of the BBB and hence 
a higher water content in the adjacent brain tissue prolonging T1 
(Jurcoane et al. 2013). Human and animal studies showed pro-
longed T1 relaxation times in glioblastomas and their peritu-
moral edema compared to normal brain tissue (Englund et al. 
1986; Hoehn-Berlage and Bockhorst 1994) and other tumors 
such as meningiomas and schwannomas. In contrast, necrotic 
tumor tissue might display a shortened T1 relaxation time which 
might be due to the presence of methemoglobin or mineraliza-
tion (Bähr et al. 2011; Boyko et al. 1992). It should be men-
tioned that T1 shortening might also be a prognostic marker for 
the survival time of patients with recurrent glioblastomas under 
antiangiogenic therapy (Bähr et al. 2011, 2014).

The presence of contrast agents containing gadolinium 
(Gd) or manganese (Mn) shortens the T1 relaxation time 
considerably. Furthermore, co-registered maps of the lon-
gitudinal relaxation time before (qT1) and after application 
of a contrast agent (qT1+CA) allow for voxel-wise subtrac-
tion of (qT1+CA) from qT1 (Fig. 3). This approach enables 
the quantification of an even subtle contrast agent enhance-
ment independent of visual detectability (Jurcoane et  al. 
2013), yielding sensitive quantification of the BBB damage 
(Jurcoane et al. 2013).

However, further studies are required to answer the ques-
tion if T1 mapping, alone or in combination with T2 map-
ping, histograms of T1 and T2 relaxation times in the tumor 
tissue and edema, and more sophisticated three-dimensional 
tumor segmentation methods are valuable tools to delineate 
tumor tissue and edema and if these techniques are of help in 
differential diagnosis and therapy monitoring.

5	 �Chemical Exchange Saturation 
Transfer (CEST)

The CEST method is based on the magnetic transfer effects of 
specific protons in metabolites (and exogenous contrast agents) 
that are in chemical exchange with the solvent. The method for 
detecting CEST contrast is similar to the magnetization transfer 
(MT) contrast, i.e., the intensity change of the water signal is 
monitored in the presence of off-resonance saturation. A CEST 
effect is observed when the off-resonance frequency matches the 
MR frequency of a metabolite proton which is exchanging with 
the water protons at an appropriate rate. By varying the fre-
quency, power, and timing of the saturation pulses, CEST con-
trast can be tuned to signals from endogenous mobile proteins 
and peptides (amide proton transfer, APT) (Zhou et al. 2003a, b) 
to amino protons of glutamate (gluCEST) (Cai et al. 2012) or 
to  hydroxyl protons like those from glucose (glucoCEST) 
(Chan et al. 2012; Nasrallah et al. 2013). Since the basic princi-
ple of the contrast relies on proton exchange with the solvent 
and therefore depends on the concentration of solvent protons, 
the method allows to measure tissue pH (Zhou et al. 2003b).
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6	 �Cest Method

There are several articles which review the basic principles 
of CEST (Sherry and Woods 2008; van Zijl and Yadav 2011; 
van Zijl et al. 2003). Briefly, the method exploits the magne-
tization transfer (MT) effect which is well known from 
MT-MRI (Tofts 2003). In MTR contrast is generated by 
selectively irradiating off-resonance from the water signal, 
modifying the magnetization of macromolecules which are 
in contact with the water. By several mechanisms, this mag-
netization is transferred to the water protons detected with 
conventional MRI, causing a partial saturation and conse-
quently a signal modification. The efficiency of the magneti-
zation transfer is typically changed in several pathological 

situations providing a surrogate marker for affected tissues 
(Tofts 2003). Like in MTR, CEST-MRI monitors the effect 
(signal reduction) of an off-resonance irradiation on the 
water signal; however, the target molecules for irradiation 
are rather small (amino acids, peptides, glucose, exogenous 
agents with specific properties) and have a well-defined typi-
cal resonance frequency which is known from MR spectros-
copy (see Chap. MR Spectroscopic Imaging). Some of the 
protons in these molecules are exchanged with the solvent 
(water). Selective saturation of these protons will transfer 
their magnetization to the MRI-detectable water signal, 
enabling the quantification of the exchange partner by mea-
suring the signal changes of the solvent.

The effect is shown in Fig. 4.

a

b

c

d

Fig. 4  Chemical exchange saturation 
transfer (CEST) method (With permission 
from van Zijl and Yadav (2011)). Further 
explanation is given in the text (Method)
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The upper row (a) shows a scheme of the exchange 
mechanism, while the left part of row b depicts the MR 
spectrum of a sample with an aqueous solution containing a 
solute with amide protons (e.g., from polypeptides). On the 
left of the huge water signal at 4.75 ppm (S0), a weak sig-
nal at 8.25 ppm from exchangeable amide protons is visible. 
Saturation of these protons by RF irradiation at 8.25 ppm 
not only removes this signal but also causes a significant 
decrease of the water signal (Ssat, right). The decrease of Ssat 
can be detected as contrast in MRI. Performing a series of 
measurements with different offset frequencies for satura-
tion provides a so-called Z-spectrum or CEST spectrum 
which is shown in row c. In the CEST spectrum, the nor-
malized water signal (Ssat/So) in the presence of saturation is 
plotted versus the frequency difference between the water 
and the offset irradiation frequency (Δω). Obviously, irra-
diation at the water signal frequency will saturate the water 
protons causing a minimal Ssat (direct saturation, DS). In 
addition to DS, there is also the MT effect which reduces 
the water signal intensity in the presence of off-resonance 
irradiation. In a first approximation, DS and MT can be con-
sidered as independent of the sign of Δω causing a sym-
metric Z-spectrum around the water frequency. In contrast, 
saturation of the water protons via exchange with saturated 
amide protons only appears when the saturation frequency 
matches the position of the amide protons (3.5 ppm to the 
left of water), resulting in an additional dip in Ssat/So at this 
frequency.

Defining the term MTRasym

	
S S / Ssat sat− −∆( ) ∆( ){ }w w 0 	

which determines the asymmetry of the MTR effect correct-
ing for DS and symmetric MT provides the MTRasym spec-
trum which is shown in row d. Chemical exchange is evident 
as signal at the position of the exchanging amide protons. 
This signal reflects a change in water proton intensity and can 
be detected with methods known from MT-MRI. Compared 
to conventional MRSI, the methods have a huge potential for 
signal enhancement which increases with the exchange rate 
kexchange but is counteracted by the T1 relaxation of tissue water. 
Also, the efficiency of saturation of solute protons by contin-
uous RF irradiation depends on the ratio Δω/kexchange. Ideally 
Δω/kexchange > > 1 (slow exchange regime) is required to allow 
sufficient saturation with reasonable RF power (van Zijl and 
Yadav 2011), a condition which, at clinical field strength of 
3 T, is only fulfilled for amide protons. Consequently, most 
applications on human brain tumors are focused on mobile 
proteins and polypeptides, measuring either their concentra-
tions or tumor environmental changes which can modify the 
exchange rate (Zhou et al. 2003a; Togao et al. 2014). Amino 
and hydroxyl protons usually fall in the slow to medium 
exchange regime (Δω/kexchange ~ 1), but it has been shown that 
glucose and glycogen can be detected with CEST in animal 

models at high magnetic field strengths (>9 T, (Chan et al. 
2012; Nasrallah et al. 2013; van Zijl et al. 2007)). Recently 
it was proposed that spin-locking (SL) techniques are more 
suited for the intermediate exchange regime (Lin et al. 2011; 
Jin et  al. 2012) and pilot studies could detect myoinositol 
(Haris et al. 2011) and glutamate (Cai et al. 2012) using this 
method. However, no applications in oncology are published 
yet; thus, a description of these methods would be beyond 
the scope of this short overview.

In summary, for a metabolite with protons that are in 
exchange with the water, CEST provides a contrast which is 
specific to their concentration (like parameter images in MRSI) 
but with a signal intensity comparable to MT contrast. The fol-
lowing metabolites were detected via magnetization transfer 
mediated by chemical exchange of protons with the water:
• Amide protons in peptide bonds (endogenous mobile pro-

teins and peptides) (APT-CEST)
• Glutamate (gluCEST)
• Glucose, glycogen, and myoinositol (glucoCEST)

Also, exogenous CEST agents have been introduced 
(Ward et al. 2000), and their function as pH marker has been 
tested as proof of principle (Ward and Balaban 2000)

While the concept of CEST imaging is very intriguing, 
there are various pitfalls which might render the method as 
too complicated and up to now not very robust for routine 
clinical use:
• Like MT-MRS, the method requires a rather quantitative 

approach to correct for many competing mechanisms 
which can cause a decrease in signal intensity.

• Many parameters are affecting the exchange rate. Thus, 
the CEST-induced contrast might be ambiguous.

• Long measurement time and SAR problems.

7	 �CEST Imaging in Brain Tumors

There is an increasing number of publications dealing with 
CEST in brain tumors. APT was introduced by Zhou et al. 
(2003b). First in vivo data from brain tumors were published 
by the same group 3 years later (Jones et al. 2006). A 3–4 % 
increased APT signal was found in brain tumors compared to 
peritumoral brain tissue or in animal models comparing gli-
oma with radiation necrosis in rats (Zhou et al. 2008, 2011). 
Amide protons in the cytoplasm are thought to be the major 
source of the APT signal intensity. As known from FET-PET 
(Chap. Advanced MR Methods in Differential Diagnosis of 
Brain Tumors), glial brain tumors have an increased amino 
acid uptake compared to normal brain. Furthermore, an 
increased APT signal intensity was also found in necrotic 
high-grade gliomas, indicating that highly concentrated 
mobile proteins and peptides in the microcystic extracellular 
space might also increase APT signal intensity in tumors. In 
contrast to PET, the APT measures the endogenous content 
of amide protons without requiring external contrast agents. 
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Apart from the costs, this might be an advantage concerning 
repetitive follow-up examinations especially in young tumor 
patients. Recently, a study of thirty-six patients showed that 
APT signal intensity did not only differentiate between glio-
mas WHO grade II and IV, but also between gliomas WHO 
grade II and III and between gliomas WHO grade III and IV 
(Togao et al. 2014). Thus, APT seems to be a promising method 
for tumor grading and for depicting tumor heterogeneity. 
Referring to the experiences in FET-PET (Chap. Advanced 
MR Methods in Differential Diagnosis of Brain Tumors),  
APT might even be a promising method to differentiate 
between therapy-induced changes and tumor progression 
in brain tumor patients. As mentioned above, the exchange 
rate depends on the pH; thus, the tumor pH (Chap. MR 
Spectroscopic Imaging) also affects the APT signal intensity. 
On the other hand, pH can be measured with CEST, pro-
viding another parameter which could be exploited in tumor 
diagnosis. This requires to eliminate ambiguous influences 
between the pH and amide proton content, e.g., by combina-
tion with an independent pH measurement using phosphorus 
MR spectroscopy (Chap. MR Imaging of Brain Tumors).

Glycolysis, either anaerobic or aerobic, is enhanced in 
high-grade brain tumors, and an overexpression of glucose 
transporter (GLUT) proteins has been found in glioblastoma. 
An increased uptake of glucose in PET is a typical finding in 
malignant brain tumors. First results indicate that glucose 
concentrations can be detected by CEST via the hydroxyl 
protons (glucoCEST) (Nasrallah et  al. 2013). Significant 
enhancement of the glucoCEST signal has been found upon 
systemic glucose infusion in an experimental study with 
breast cancer cells (Chan et  al. 2012). However, to our 
knowledge, this method has not been evaluated for in vivo 
gliomas. It might be an interesting tool to evaluate alternative 
glioma therapies such as the low-carbohydrate, ketogenic 
diet (Rieger et al. 2014).

Although not yet applied in oncological systems, another 
variation of CEST with great potential is the depiction of 
chemical exchange saturation transfer effect between the 
amine group of glutamate and bulk water, also named glu-
CEST (Cai et al. 2012). Here, the CEST effect depends on 
the pH and glutamate concentration. Glutamate is released 
from glioma cells, possibly as by-product of GSH synthesis, 
an antioxidant which enhances the resistance to oxidative 
stress (Sontheimer 2008). In addition, glutamate is an impor-
tant anaplerotic substrate which delivers α-ketoglutarate to 
the citrate cycle. It substitutes the intermediates of the citrate 
cycle which are used for protein biosynthesis in proliferat-
ing tumor cells. Glutamate can be transformed to glutamine 
through the glutamate-glutamine cycle of reactive astro-
cytes. Glutamine is a major metabolic fuel for both brain 
tumor cells and tumor-associated macrophages, which may 
create a microenvironment that facilitates aggressive growth 
of tumor cells. Using MR spectroscopy, increasing gluta-

mate concentrations were found in brain tumors (Kimura 
et al. 2007; Rijpkema et al. 2003). However, a reliable quan-
tification of glutamate concentrations in tumor spectra is 
frequently hampered by the modulated baseline due to higher 
concentrations of lipids and macromolecules. Therefore, 
future investigations have to show whether gluCEST can 
provide reliable values for glutamate in tumors.

The methods based on chemical exchange contrast have a 
high potential to provide essential information on tumor biol-
ogy, however, apart from CEST with amide protons (APT), 
these methods are still experimental. APT can be performed 
on clinical scanners and has been applied to human brain 
tumors providing promising results for diagnostic purposes. 
Since the CEST mechanism depends on metabolite concen-
tration and pH, the reliability and robustness of the results 
have to be evaluated in studies with larger patient cohorts 
at different medical centers. In contrast, quantitative relax-
ometry and related methods are well suitable for standard-
ized tumor diagnosis and monitoring, but their biological 
significance has to be validated in the future.
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    Abstract 

 Routine diagnostics and treatment monitoring of brain 
tumors is usually based on magnetic resonance imaging 
(MRI), but the capacity of conventional MRI to differenti-
ate tumor tissue from nonspecifi c tissue changes may be 
limited especially after therapeutic interventions such as 
neurosurgical resection, radiotherapy, and chemotherapy. 
Molecular imaging using positron-emission tomogra-
phy (PET) may provide relevant additional information 
on tumor metabolism, which allows for more accurate 
diagnostics especially in clinically equivocal situations. 
In the last decades, a variety of molecular targets have 
been addressed by specifi c PET tracers, but only a few 
have achieved relevance in routine clinical practice. This 
book chapter is focussed on PET tracers that appear to 
be especially helpful in clinical decision-making with 
regard to a better delineation of brain tumors, prognosis, 
and grading, improved differentiation of tumor recurrence 
from nonspecifi c posttherapeutic changes, and treatment 
monitoring.  

  Abbreviations 

   PET    Positron-emission tomography   
  MRI    Magnetic resonance imaging   
  MET     11 C-methionine   
  FET     18 F-fl uoroethyltyrosine   
  FDOPA    3,4-Dihydroxy-6- 18 F-fl uoro- l -phenylalanine   
  BBB    Blood-brain barrier   
  FLT     18 F-3 ′ -deoxy-3 ′ -fl uorothymidine   
  FMISO     18 F-fl uoromisonidazole   
  HGG    High-grade gliomas   
  LGG    Low-grade gliomas   
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1          Introduction 

 Routine diagnostics and treatment monitoring of brain tumors 
is usually based on magnetic resonance imaging (MRI), but 
the capacity of conventional MRI to differentiate tumor tis-
sue from nonspecifi c tissue changes may be limited espe-
cially after therapeutic interventions such as neurosurgical 
resection, radiotherapy, and chemotherapy. Molecular imag-
ing using positron-emission tomography (PET) may provide 
relevant additional information on tumor metabolism, which 
allows for more accurate diagnostics especially in clinically 
equivocal situations. In the last decades, a variety of molecu-
lar targets have been addressed by specifi c PET tracers, but 
only a few have achieved relevance in routine clinical prac-
tice. This chapter is focussed on PET tracers that appear to 
be especially helpful in clinical decision-making with regard 
to a better delineation of brain tumors, prognosis, and grad-
ing, improved differentiation of tumor recurrence from non-
specifi c posttherapeutic changes, and treatment monitoring.  

2     Methods 

 Positron-emission tomography (PET) is based on the use of 
positron-emitting radionuclides that are incorporated either 
into substrates normally used by the human organism, such 
as glucose or amino acids, or into molecules that bind to 
receptors or participate in specifi c metabolic pathways. More 
than 70 different PET tracers have been explored in brain 
tumors in the last decades. Since it is beyond the scope of 
this chapter to address all of these tracers, this overview is 
focussed on those PET tracers or tracer groups that are prom-
ising in providing valuable clinical information on the basis 
of the current literature. 

2.1      18 F-2-Fluoro-2-Deoxy- D -Glucose 

  18 F-2-fl uoro-2-deoxy- d -glucose (FDG), which measures 
cellular glucose metabolism as a function of the enzyme 
hexokinase, is the most common clinically utilized PET 
tracer due to its high potential to detect tumors in the body 
based on increased energy demand of malignant tumors. In 
the brain, FDG exhibits high uptake in normal gray mat-
ter, refl ecting the metabolic demands of neurons and glia. 
Regional cerebral glucose consumption can be calculated by 
measuring quantitative FDG uptake in brain, blood glucose 
concentration, an arterial input of the tracer, and a “lumped 
constant” which accounts for differences in enzyme affi nity 
between FDG and glucose (Herholz et al.  2012 ). In clini-
cal practice, however, FDG uptake is usually quantifi ed by 
standard uptake values (SUV), which refl ect regional FDG 

uptake normalized to body weight and injected dose. In brain 
neoplasms, tumor-to-brain ratios using the mean or maximal 
tracer uptake in the tumor region divided by the mean uptake 
value in the contralateral brain is the preferred method. The 
high and regionally variable FDG uptake in normal brain 
parenchyma often makes the delineation of brain tumors dif-
fi cult. Thus, the localization of brain tumors with FDG PET 
is diffi cult and only co-registration of FDG uptake images 
with MRI may allow the rating of glucose metabolism in 
specifi c areas of a tumor. There have been studies suggest-
ing that additional delayed imaging at 180 min or later after 
tracer injection may increase the contrast between malignant 
tumors with high FDG uptake and normal brain, but the sen-
sitivity to detect the extent of low-grade gliomas remains 
poor (Spence et al.  2004 ; Prieto et al.  2011 ). Another prob-
lem of FDG is the high tracer uptake in infl ammatory cells. 
FDG accumulates in malignant tissue but also at the sites of 
infection and infl ammation and in autoimmune and granu-
lomatous diseases by the overexpression of distinct faculta-
tive glucose transporter (GLUT) isotypes (mainly GLUT-1 
and GLUT-3) and by overproduction of glycolytic enzymes 
in cancer cells and infl ammatory cells (Meller et al.  2007 ). 
Therefore, FDG PET is also used as a diagnostic method in 
fever of unknown origin (Meller et al.  2007 ).  

2.2     Radiolabeled Amino Acids 

 Besides FDG, radiolabeled amino acids are the most com-
monly used PET tracers for brain tumors. An advantage 
over FDG is the relatively low uptake of amino acids by 
normal brain tissue. Therefore, cerebral gliomas can be dis-
tinguished from the surrounding normal tissue with higher 
contrast compared with FDG. Many natural amino acids and 
their synthetic analogs have been labeled by positron-emit-
ting isotopes and explored as tumor imaging agents (Jager 
et al.  2001 ; Crippa et al.  2012 ; Huang and McConathy  2013 ). 
Most PET studies of cerebral gliomas have been performed 
with the amino acid [ 11 C]methyl- l -methionine (MET) 
(Singhal et al.  2008 ; Crippa et al.  2012 ), although the short 
half-life of  11 C (20 min) limits the use of this tracer to the few 
centers that are equipped with an in-house cyclotron facil-
ity. The increasing use of  18 F-labeled amino acids (half-life, 
109 min) such as O-(2- 18 F-fl uoroethyl)- l -tyrosine (FET) or 
3,4-dihydroxy-6-[ 18 F]fl uoro- l -phenylalanine (FDOPA) will 
probably replace MET in the future (Becherer et al.  2003 ; 
Langen et al.  2006 ,  2008 ; Chen et al.  2008 ; Herholz et al. 
 2012 ; Walter et al.  2012 ). 

 The increased uptake of amino acids such as MET, FET, 
or FDOPA by cerebral glioma tissue appears to be caused 
almost entirely by increased transport via specifi c amino 
acid transporters, namely,  transport system L for large neu-
tral amino acids  (Jager et al.  2001 ; Bergmann et al.  2004 ; 

K.-J. Langen and N. Galldiks



123

Langen and Broer  2004 ; Langen et al.  2006 ; Huang and 
McConathy  2013 ). MET also shows some incorpora-
tion into proteins and participation in other metabolic 
pathways (Singhal et al.  2008 ), but comparative studies 
between MET, FET, and FDOPA have shown that imag-
ing of cerebral gliomas is very similar with these amino 
acids (Weber et al.  2000 ; Becherer et al.  2003 ; Langen 
et al.  2003 ; Grosu et al.  2011 ). Therefore, the participa-
tion of MET in other metabolic pathways than transport 
appears to be of minor importance and the clinical results 
obtained with the different tracers can be considered 
together. Since large neutral amino acids also enter normal 
brain tissue, a disruption of the blood-brain barrier (BBB), 
i.e., enhancement of contrast agent in CT or MRI scans, is 
not a prerequisite for intratumoral accumulation of these 
amino acids. Consequently, uptake of the tracers has been 
reported in many low-grade gliomas without BBB leak-
age (Herholz et al.  1998 ; Ribom et al.  2001 ; Floeth et al. 
 2007 ; Kunz et al.  2011 ; Smits and Baumert  2011 ; Rapp 
et al.  2013a ). The sensitivity and specifi city of PET using 
MET and FET to differentiate between gliomas and non-
neoplastic lesions is within the range of 60–90 % (Herholz 
et al.  1998 ; Pichler et al.  2010 ; Dunet et al.  2012 ; Rapp 
et al.  2013b ), and the possibility of nonspecifi c enhance-
ment in infl ammatory cells or reactive glial tissue must be 
kept in mind. There have been reports of perifocal MET 
and FET uptake around hematomas and areas of ischemia, 
as well as of rare cases of uptake in or around ring-enhanc-
ing lesion like brain abscesses and acute infl ammatory 
demyelination (Delbeke et al.  1995 ; Floeth et al.  2006 ; 
Singhal et al.  2008 ; Hutterer et al.  2013 ).  

2.3     Radiolabeled Nucleoside Analogs 

 Another approach in molecular imaging of brain tumors is the 
use of radiolabeled nucleoside analogs such as [ 18 F]3 ′ -deoxy-
3 ′ -fl uorothymidine (FLT) (Shields et al.  1998 ; Shields  2003 ). 
Once FLT is transported into the cell, it is phosphorylated by 
thymidine kinase (TK-1) and trapped inside the cell (Bading 
and Shields  2008 ). TK-1 is a cytosolic enzyme that is expressed 
 during the DNA synthesis stage of the cell cycle . Compared to 
normal proliferating tissues, tumor cells have increased levels 
of TK-1, resulting in increased FLT uptake (Shields et al.  1998 ). 
A high rate of cellular proliferation is a key feature of malig-
nant tumors, and proliferation markers (e.g., Ki-67) have shown 
a better correlation with the grade of malignancy and prognosis 
of cerebral gliomas than FDG uptake (Chen et al.  2005 ). Uptake 
of FLT, however, depends on BBB damage because transport 
across the normal BBB is slow (Chen et al.  2005 ; Jacobs et al. 
 2005 ). Therefore, this method does not delineate tumor parts 
with intact BBB (e.g., in low-grade gliomas) and is less suited 
to depict the full extent of cerebral gliomas.  

2.4     Imaging of Hypoxia 

 Furthermore, imaging of hypoxia is an interesting approach 
to explore the metabolic features in brain tumors. Hypoxia 
plays a critical role in tumor development and aggressive-
ness and is an important prognostic factor for resistance to 
antineoplastic treatments (Langen and Eschmann  2008 ). 
A number of hypoxia tracers are available for PET, of 
which  18 F-fl uoromisonidazole (FMISO) today is the most 
frequently studied tracer (Lee and Scott  2007 ). FMISO 
enters cells by passive diffusion, where it is reduced by 
nitroreductase enzymes to become trapped  in cells with 
reduced tissue oxygen partial pressure . When oxygen is 
abundant in normally oxygenated cells, the parent com-
pound is quickly regenerated by reoxidation and metabo-
lites do not accumulate. However, in hypoxic cells, the low 
oxygen partial pressure prevents reoxidation of FMISO 
metabolites, resulting in tracer accumulation in hypoxic 
cells. Because FMISO only accumulates in hypoxic 
cells with functional nitroreductase enzymes, FMISO 
only accumulates in viable cells but not in dead necrotic 
cells (Lee and Scott  2007 ).  

2.5     Imaging Angiogenesis 

 Another target of growing interest in molecular imaging is 
angiogenesis. One target structure is the  α   v   β   3  - integrin 
receptor , which is highly expressed on activated endothe-
lial cells during angiogenesis. Various ligands based on the 
tripeptide RGD (Arg-Gly-Asp), which binds with high 
affi nity to the α v β 3 -integrin receptor, have been developed 
for PET (Haubner et al.  2010 ). The glycosylated cyclic 
pentapeptide  18 F-galacto-RGD has been successfully 
applied in patients with malignant gliomas, but studies on 
the clinical relevance of this approach for treatment plan-
ning are still scarce (Schnell et al.  2009 ).  

2.6     Somatostatin Receptors 

 Moreover, somatostatin receptors have been used as a target 
for molecular imaging of brain tumors, especially in 
 meningiomas. Meningiomas demonstrate expression of a 
variety of receptors, including  somatostatin receptor subtype  
2 (SSTR2). The SSTR2 receptor ligand  68 Ga-DOTATOC 
demonstrates high-resolution imaging and high tumor- 
background contrast in meningiomas and may provide valu-
able additional information on the extent of meningiomas 
beneath osseous structures, especially at the skull base 
(Henze et al.  2005 ; Gehler et al.  2009 ; Nyuyki et al.  2010 ; 
Graf et al.  2013 ). Somatostatin receptors are also present in 
childhood tumors, especially in medulloblastomas.  
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2.7     Radiolabeled Choline 

 A number of studies have also investigated the role of radio-
labeled choline in brain tumor imaging (Kwee et al.  2007 ; 
Gulyas et al.  2008 ; Kato et al.  2008 ). Choline is an essential 
nutrient that serves as an extrinsic substrate for the  synthesis 
of phosphatidylcholine , which is a major constituent of the 
cell membrane. Phosphorylation by choline kinase consti-
tutes an important step in the incorporation of choline into 
phospholipids, which is relevant for cell viability. In can-
cer, there is often an increase in the cellular transport and 
phosphorylation of choline, as well as an increase in the 
expression of choline kinase enzyme (Kwee et al.  2007 ). 
Uptake of choline, however, depends on BBB damage simi-
lar to FLT. Therefore, choline uptake appears to be limited 
to tumors with contrast enhancement in CT or MRI and 
does not accumulate in  nonenhancing low-grade glioma 
(Roelcke et al.  2012 ). 

 Finally, various  radiolabeled chemotherapeuticals  such 
as  11 C-temozolomide have been used to get information on 
metabolism and pharmacokinetics of the substances in brain 
tumors, but experiences are limited to small numbers of 
patients (Saleem et al.  2003 ). 

 An overview of the most important radiotracers for the 
diagnosis of brain tumors with PET is presented in Table  1 .

3         Delineation of Tumor Extent, Biopsy 
Guidance, and Treatment Planning 

 One of the most important aspects in the initial diagnosis 
of gliomas is the identifi cation of tumor extension and the 
metabolically most active areas of the tumor. Representative 
tissue samples are vital for histological tumor diagnosis, 
prognostication, and treatment planning. The ability of 
contrast- enhanced MRI to show the most rapidly prolif-
erating portions of the usually inhomogeneous gliomas is 
limited, particularly when the tumor does not show con-
trast enhancement on MRI. Multiple studies comparing the 
radiological fi ndings with the histological fi ndings in tis-
sue samples from biopsy or open surgery have provided 

evidence that PET using radiolabeled amino acids detects 
the solid mass of gliomas and metabolically active tumor 
areas more reliably than either CT or MRI (Mosskin et al. 
 1989 ; Goldman et al.  1997 ; Kracht et al.  2004 ; Pauleit 
et al.  2005 ,  2009 ; Pirotte et al.  2007 ) (Fig.  1 ). This helps to 
prevent the problem of nondiagnostic biopsies from non-
specifi cally altered tissue and to plan invasive procedures 
(e.g., tumor resection, stereotactic biopsy) (Fig.  2 ). Local 
maxima of FDG uptake in heterogeneous gliomas are usu-
ally colocalized with amino acid uptake, but MET and FET 
PET have been shown to be considerably more sensitive 
than FDG PET for biopsy guidance (Pirotte et al.  2004 ; 
Pauleit et al.  2009 ; Plotkin et al.  2010 ). (Fig.  3 ).

     Furthermore, it has been demonstrated that integrating 
MET PET for resection guidance of high-grade gliomas pro-
vided a fi nal target contour different from that obtained with 
MRI alone in about 80 % of the procedures (Pirotte et al. 
 2009 ). Complete resection of the tumor area with increased 
amino acid uptake resulted in signifi cantly longer survival of 
patients, while the degree of contrast enhancement on the 
postoperative MRI scan did not have an impact on survival. 
Similarly, the amount of residual tracer uptake in FET PET 
had a strong prognostic infl uence (Piroth et al.  2011a ). These 
data indicate that resection of malignant gliomas guided by 
amino acid PET may increase the amount of anaplastic tissue 
removal and thus patients’ survival. 

 The improved imaging of glioma tissue using amino 
acid PET has also attracted interest for radiation treatment 
planning (Grosu and Weber  2010 ; Matsuo et al.  2012 ). 
A number of centers have started to integrate amino acid 
imaging into CT- and MRI-based radiotherapy planning, 
particularly when high-precision radiotherapy is performed 
or in the setting of dose escalation studies or for the reir-
radiation of recurrent tumors (Levivier et al.  2004 ; Grosu 
et al.  2005 ; Rickhey et al.  2008 ; Weber et al.  2008 ; Piroth 
et al.  2009 ). Improved outcome of the patients with radio-
therapy planning using amino acid imaging compared with 
conventional radiation therapy planning, however, has not 
yet been proven. A recent prospective study indicated that 
an integrated boost intensity-modulated radiation dose 
escalation concept, which was based on FET PET-guided 

   Table 1    Important PET tracers 
for brain tumors   

 Tracer  Molecular target 

  18 F-2-fl uoro-2-deoxy- d -glucose (FDG)  Glucose metabolism 
  11 C-methyl- l -methionine (MET)  Amino acid transport 
 O-(2- 18 F-fl uoroethyl)- l -tyrosine (FET)  Amino acid transport 
 3,4-Dihydroxy-6- 18 F-fl uoro- l -phenylalanine (FDOPA)  Amino acid transport 
  18 F-3′-deoxy-3′-fl uorothymidine (FLT)  Proliferation 
  18 F-fl uoromisonidazole (FMISO)  Hypoxia 
  18 F-fl uoroethyl-choline  Phospholipid synthesis 
  68 Ga-DOTATOC  Somatostatin receptors 
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 target volume delineation, showed no survival benefi t for the 
patients (Piroth et al.  2012 ). The failure of that prospective 
study to improve  survival time of the patients, however, does 
not mean that amino acid PET is an ineffective tool to plan 
radiotherapy in cerebral gliomas. Local relapses are usually 
detected within the 95 % dose-volume indicating that the 
local dose escalation is not able to improve local tumor con-
trol (Lee et al.  2009 ; Weber et al.  2009 ). 

 In meningiomas, promising results concerning imaging 
of tumor extent have been reported using the somatostatin 
receptor ligand  68 Ga-DOTATOC (Gehler et al.  2009 ; 
Nyuyki et al.  2010 ; Thorwarth et al.  2011 ; Afshar-Oromieh 
et al.  2012 ). All studies consistently reported that 

 68 Ga-DOTATOC PET/CT information may strongly com-
plement anatomical data from MRI and CT in cases with 
complex meningioma and is thus helpful for improved tar-
get volume delineation especially for skull base manifesta-
tions and recurrent disease after surgery (Fig.  4 ).

4        Tumor Grading and Prognosis 

 FDG PET is considered as a relative accurate predictor of 
the World Health Organization (WHO) grading and prog-
nosis of cerebral gliomas since the early days of PET (Di 
Chiro et al.  1982 ; Delbeke et al.  1995 ; Padma et al. 

  Fig. 1    Patient with an astrocytoma of WHO grade II in the frontal 
lobe. T1-weighted MRI after application of Gd-DTPA shows no patho-
logical contrast enhancement and the tumor cannot be delineated. 

T2-weighted MRI shows widespread abnormalities in the frontal lobe 
and is not helpful to depict the tumor. FET PET identifi es a tumor with 
high tracer uptake in the lower frontal lobe       

  Fig. 2    Patient with a diffused astrocytoma of WHO grade II. T1-weighted MRI on the left shows no contrast enhancement and in the T2-weighted 
MRI ( middle ) diffused signal abnormalities. FET PET identifi es a local maximum in the tumor for biopsy guidance       
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 2003 ; Chen  2007 ). In many studies, high-grade gliomas 
(HGG) could be differentiated from low-grade gliomas 
(LGG) (Kaschten et al.  1998 ; Borbely et al.  2006 ; Singhal 
et al.  2012 ). However, in these studies, the rate of correct 
identification of an HGG varies considerably. Furthermore, 
some studies observed no significant differences of FDG 
uptake in LGG and HGG (Kim et al.  2005 ; Miyake et al. 
 2012 ). 

 Some authors reported that the proliferation marker FLT 
may be a more powerful predictor of tumor progression 
and survival (Chen et al.  2005 ; Choi et al.  2005 ; Miyake 
et al.  2012 ). A relationship between in vivo derived kinetic 
parameters of FLT uptake and proliferation rate could be 
demonstrated in patients with HGG (Ullrich et al.  2008 ). 
The rate constant indicating phosphorylation k 3  had a sig-
nifi cant correlation with proliferation index Ki-67, whereas 
the transport rate K 1  did not. No signifi cant correlation was 
found between SUV of FLT and Ki-67 by immunostain-
ing indicating that kinetic analysis was  helpful for in vivo 
assessment of tumor proliferation in high-grade gliomas. 

Grade of malignancy and  proliferation activity of primary 
brain tumors can be evaluated by FLT, but a limitation is 
high uptake in benign lesions that disrupt the blood-brain 
barrier and in necrotic areas (Saga et al.  2006 ; Miyake et al. 
 2012 ). Furthermore, some studies reported on a  relationship 
between tumor grade and uptake of choline derivatives, but 
the number of studies is still too small to draw fi nal conclu-
sions (Kato et al.  2008 ; Gulyas and Halldin  2012 ). 

 Most studies employing amino acid PET have shown 
that gliomas of different WHO grades substantially overlap 
in their degree of amino acid uptake, so that the tumor 
grade cannot be reliably predicted with this technique 
(Pauleit et al.  2005 ; Ceyssens et al.  2006 ; Dunet et al.  2012 ; 
Rapp et al.  2013b ). A more reliable grading, however, 
appears to be possible with FET PET, since this tracer 
exhibits differences in the time activity curves of tracer 
uptake depending on tumor grade (Weckesser et al.  2005 ). 
HGGs are characterized by an early peak around 10–15 min 
after injection followed by a decrease of FET uptake, while 
LGGs typically exhibit delayed and steadily increasing 

  Fig. 3    Patient with a diffused astrocytoma of WHO grade II. T1-weighted MRI on the left shows no contrast enhancement in the tumor and FDG 
uptake is low. Again, FET PET exhibits increased tracer uptake and identifi es a local maximum for biopsy guidance       

  Fig. 4    Patient with a recurrent skull base meningioma 2 years after resection. Both MRI and PET/CT indicate a tumor, but  68 Ga-DOTATOC PET 
shows an additional intraorbital lesion, which is not detectable by MRI (Courtesy of Michail Plotkin, Vivantes Clinics Berlin, Germany)       
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tracer uptake. Using dynamic FET PET, a differentiation of 
HGG and LGG has been reported in primary tumors as well 
as in recurrent tumors with an accuracy >80 % (Pöpperl 
et al.  2006b ,  2007 ; Calcagni et al.  2011 ; Kunz et al.  2011 ; 
Jansen et al.  2012 ). 

 The prognostic signifi cance of increased amino acid 
uptake in gliomas is controversial. Some studies seem to 
show that lower amino acid uptake especially in astrocytic 
glioma is associated with a better prognosis, but there may 
be high uptake in oligodendrogliomas of WHO grade II and 
III despite their apparently better prognosis (Kaschten et al. 
 1998 ; Pöpperl et al.  2007 ; Singhal et al.  2008 ). A  further 
study suggests that the pretreatment volume of MET uptake 
but not the semiquantitative MET uptake ratio is a useful 
biologic prognostic marker in patients with anaplastic astro-
cytoma and glioblastoma (Galldiks et al.  2012a ). 

 There appears, however, to be a consensus concerning 
the clinical role of amino acid imaging in prognostication 
for patients with LGG. Signifi cant longer survival has been 
reported for patients with lower MET uptake in the tumors 
compared to those with higher uptake (cutoff of the tumor-
to- brain ratio: 2.1   ) (Ribom et al.  2001 ; Smits et al.  2008 ; 
Smits and Baumert  2011 ; Arbizu et al.  2012 ). Furthermore, 
the patients only had a benefi t from a surgical procedure 
if increased MET uptake was present (Ribom et al.  2001 ). 
Using FET PET, the combination with MR morphology has 
also been found to be a signifi cant prognostic predictor for 
patients with newly diagnosed LGG (Floeth et al.  2007 ). 
Baseline FET uptake and a circumscribed versus a diffuse 
growth pattern on MRI were highly signifi cant predictors for 
the patients’ clinical course and outcome. Thus, combined 
assessment with amino acid PET and MRI can identify sub-
groups of patients with a stable course in which a “watch 
and wait” strategy is reasonable and patients with LGG who 
should receive early and aggressive treatment in order to 
avoid malignant transformation. 

 In summary, in comparison to morphological MR fea-
tures, PET adds valuable information concerning grading 
and prognosis in patients with newly diagnosed cerebral 
lesions. The diagnostic accuracy, however, is not suffi -
cient to make a fi nal decision on the therapeutic procedure. 
Therefore, a histological evaluation of suspicious brain 
lesions by biopsy remains necessary in most of the patients 
with brain tumors.  

5     Treatment Monitoring 

 The diagnostic value of MRI and CT concerning changes in 
tumor size or contrast enhancement in response to therapy is 
limited since the known reactive transient BBB alterations 
with consecutive contrast enhancement may mimic tumor pro-
gression. This phenomenon, so-called  pseudoprogression, is 

seen in 20–47 % of cases and can lead to an unnecessary over-
treatment (Lustig et al.  2007 ) (Fig.  5 ).

   FDG PET is considered not to be ideal to evaluate treat-
ment response because of the high accumulation in nonspe-
cifi c reactive changes in the tissue (Basu and Alavi  2009 ). 
The feasibility and usefulness of MET and FET PET for 
treatment assessment and follow-up after surgery, chemo-
therapy, and radiotherapy have been demonstrated in several 
studies. The currently available data suggest that a reduction 
of amino acid uptake of a glioma is a sign of a response to 
treatment. Recently, a prospective study evaluated the prog-
nostic value of early changes of FET uptake after postopera-
tive radiochemotherapy in patients with glioblastoma (RCX) 
(Piroth et al.  2011b ; Galldiks et al.  2012c ). It could be dem-
onstrated that PET responders with a decrease of the tumor/
brain ratio of more than 10 % had a signifi cantly longer 
disease- free survival and overall survival than patients with 
stable or increasing tracer uptake after RCX. A reliable mon-
itoring of temozolomide chemotherapy could also be demon-
strated with MET in patients with recurrent HGG (Galldiks 
et al.  2006 ,  2010a ) and also in some experimental therapeutic 
approaches like radioimmunotherapy, convection- enhanced 
delivery of paclitaxel, and chemotherapy with bevacizumab 
and irinotecan (Pöpperl et al.  2005 ,  2006a ; Hutterer et al. 
 2011 ; Galldiks et al.  2013 ). Therefore, monitoring of treat-
ment response using amino acid PET imaging is now uti-
lized to provide an early assessment of therapy effi cacy and 
aid oncologists to optimize therapeutic management of brain 
tumors. 

 A number of studies have examined the value of FLT 
PET, an imaging biomarker of cell proliferation, for treat-
ment monitoring (Fig.  6 ), especially in patients with recur-
rent malignant glioma treated with an antiangiogenic therapy, 
i.e., bevacizumab, predominantly in combination with irino-
tecan (Chen et al.  2007 ; Schiepers et al.  2010 ; Harris et al. 
 2012 ; Schwarzenberg et al.  2012 ). In comparison to standard 
MRI, the authors found that changes of FLT uptake were 
highly predictive of progression-free and overall survival in 
patients with recurrent malignant glioma on bevacizumab 
therapy. FLT PET seems to be more predictive than standard 
MRI for early treatment response.

   Furthermore, FMISO PET seems to have the  potential 
to monitor treatment effects. In order to evaluate the 
tumor oxygenation status before and immediately after 
fractionated radiochemotherapy with temozolomide, 
two glioblastoma patients underwent serial FMISO PET 
 studies (Narita et al.  2012 ). In comparison to the base-
line FMISO scan, in both patients, the FMISO uptake 
in the tumor was notably decreased in the follow-up 
scan,  supposing a reoxygenation of the tumor. These 
 observations suggest that changes in the oxygenation 
status in glioblastoma may be suitable for monitoring 
of radiation therapy with concomitant temozolomide.  
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6     The Diagnosis of Tumor Recurrence/
Progression 

 It is diffi cult to distinguish tumor recurrence/progression 
from nonspecifi c posttherapeutic changes with conventional 
MRI alone because pathological enhancement with contrast 
medium may refl ect either new growth of tumor or unspe-
cifi c changes after radio- or chemotherapy (Brandsma et al. 
 2008 ). In addition, progressive tumor growth may miss con-
trast enhancement especially under antiangiogenic therapy. 
The role of FDG PET in such cases is limited because of 
the frequency of nonspecifi c uptake (Ricci et al.  1998 ; Basu 
and Alavi  2009 ). Multiple studies have shown that MET 
PET is highly sensitive to detect tumor recurrence/pro-
gression, but the specifi city for the differentiation of vital 
tumor tissue from nonneoplastic changes is limited with 
about 70 % (Tsuyuguchi et al.  2004 ; Van Laere et al.  2005 ; 

Singhal et al.  2008 ; Crippa et al.  2012 ). The accuracy of FET 
PET to distinguish tumor recurrence/progression from non-
neoplastic changes appears to be higher compared to MET 
PET. The lower specifi city of MET may be explained by its 
higher affi nity for macrophages compared with FET as dem-
onstrated in animal experiments (Salber et al.  2006 ,  2007 ). 
A sensitivity and specifi city of FET PET for the detection 
of tumor recurrence/progression of 100 and 93 %, respec-
tively, has been reported compared with 93 and 50 % for 
MRI alone (Pöpperl et al.  2004 ;    Rachinger et al.  2003 ). The 
additional use of dynamic FET PET allowed a differentiation 
of high- grade and low-grade recurrences with a sensitivity 
and  specifi city of 92 % (Pöpperl et al.  2006b ). 

 Excellent results for the differentiation of radionecrosis 
and tumor recurrence in gliomas have also been reported 
for  11 C-choline and  18 F-fl uorocholine (Kwee et al.  2007 ; 
Tan et al.  2011 ).  

  Fig. 5    Patient with a glioblastoma after resection ( upper row ) and 6 
weeks after completion of radiochemotherapy ( lower  row). MRI shows 
enlargement of contrast enhancement after 6 weeks after completion of 

radiochemotherapy ( lower row ) suggesting tumor progression, whereas 
FET PET indicates a responder with decreasing amino acid uptake. The 
patient had a favorable outcome       
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7     PET in Patients with Brain Metastasis 

 The improvement in the treatment of solid tumors has led 
to an increasing number of patients who experience brain 
metastases during the course of the disease. Stereotactic 
radiosurgery, brachytherapy, and whole-brain radiation 
therapy are commonly used to treat brain metastases and 
a growing percentage of patients live long enough to expe-
rience a local relapse of these metastases. Thus, the num-
ber of patients suffering local recurrence of previously 
irradiated brain metastases can be expected to increase. 
Contrast- enhanced MR imaging is the method of choice 
for the evaluation of metastatic brain tumors. However, 
in a  considerable number of patients, the differentiation 
of local recurrent brain metastasis from radiation necro-
sis after  radiotherapy using contrast-enhanced MRI is dif-
fi cult (Dooms et al.  1986 ). FDG has been considered for  

evaluation of metastatic brain tumors, but the high physi-
ological glucose  consumption of the brain and the vari-
able glucose uptake of metastatic brain lesions limit its use 
(Belohlavek et al.  2003 ; Lee et al.  2008 ). A recent study 
indicated that dual-phase imaging may improve the diag-
nostic accuracy of FDG PET for differentiation of recur-
rent brain metastasis from radiation necrosis (Horky et al. 
 2011 ). A limitation of that approach is the long time inter-
val between the PET scans (range of duration, 2–5.7 h). 
PET using MET may be effective in differentiating recur-
rent metastatic brain tumor from radiation-induced changes 
with sensitivity and  specifi city of 70–80 % (Tsuyuguchi 
et al.  2004 ; Terakawa et al.  2008 ). The clinical usefulness 
of FET PET for the  differentiation of local recurrent brain 
metastasis from  radiation necrosis could be described recently 
in 31 patients with 40 metastases (Galldiks et al.  2012b ). 
Using the tumor/brain ratios and results of kinetic studies, 

  Fig. 6    Patient with a glioblastoma before ( upper row ) and after three 
cycles of temozolomide (TMZ) chemotherapy ( lower  row). A moderate 
reduction of tumor extent is observed both in the contrast-enhanced MR 
and FLAIR-weighted images as well as in the  18 F-FLT PET scans. 

Furthermore, it can be observed that  18 F-FLT uptake occurs not in areas 
without disruption of the blood-brain barrier (Courtesy of Lutz Kracht, 
Max-Planck-Institute for Neurological Research, Germany)       
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FET PET could differentiate local recurrent brain metastasis 
from radiation necrosis with a high sensitivity (95 %) and 
specifi city (91 %). A fi rst comparison of MET and  11 C-choline 
in patients with brain metastasis indicated slightly better 
results for choline than for MET (Rottenburger et al.  2011 ).  

8     Imaging of Brain Tumors in Children 

 The histological subtypes of brain tumors in children dif-
fer considerably from that in adults. Only few mainly retro-
spective studies have been performed in children with brain 
tumors. It is, however, evident that the assessment of glucose 
metabolism with FDG is less suitable for the evaluation of 
tumor malignancy than it is the case in adults (Weckesser 
et al.  2001 ). The main reason for this is the high glucose 
metabolism in pilocytic astrocytomas. These low-grade 
tumors may exhibit metabolic rates with the intensity of gray 
matter; an association of the metabolic activity of the tumor 
and clinical presentation or outcome is not evident. 

 Previous studies revealed that the use of amino acid PET 
with the tracer MET may improve the management in this 
patient population (Utriainen et al.  2002 ; Pirotte et al.  2003 ; 
Galldiks et al.  2010b ). Results of these studies suggest that 
MET PET might be a useful tool to differentiate tumorous 
from nontumorous lesions in children and young adults 
when a decision for further therapy is diffi cult or impossible 
from routine structural imaging procedures alone. 

 However, it should be noted that the differentiation 
between high- and low-grade gliomas using amino acid 
PET may be diffi cult. A considerable overlap of amino 
acid uptake has been observed in low-grade and high-grade 
tumors (Utriainen et al.  2002 ). Similar to glucose metabo-
lism, amino acid uptake may be high in low-grade tumors 
like pilocytic astrocytomas and gangliogliomas, and uptake 
may be relatively low in highly aggressive medulloblasto-
mas (WHO IV).  

9     Perspectives 

 Molecular imaging of cerebral gliomas with PET is 
becoming more and more available for clinical use. While 
most of    the techniques cited in this review have limited 
influence on diagnostic practice, the use of radiolabeled 
amino acids is promising and permits a more specific 
representation of the spatial extent of solid and diffuse 
glioma tissue than is possible by conventional MRI alone. 
This is very advantageous for the planning of biopsies, 
resections, and radiotherapy. Furthermore, tumor recur-
rence/progression can be differentiated from postthera-
peutic changes with a high degree of specificity, valuable 
 prognostic  information can be obtained for low-grade 

gliomas, and the treatment response can probably be 
judged early in the course of treatment. The scientifically 
documented impact of PET in brain tumors seems to jus-
tify its use as a routine diagnostic technique for certain 
indications, but it remains to be confirmed that this will 
improve the overall quality of care (e.g., improvement 
of survival). The logistical prerequisites especially for 
amino acid imaging have become markedly less difficult 
to achieve in recent years. The costs of these diagnos-
tic techniques would appear to be well justified by their 
clinical utility, not least because their timely application in 
a larger number of patients can be expected to save the costs 
incurred today by the use of other, less  diagnostically reli-
able techniques (Heinzel et al.  2012a ,  b ,  2013 ).     
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1            Treatment of Gliomas and Radiation 
Therapy Techniques 

 Radiotherapy (RT) has played a major role in the treatment of 
malignant glioma since the 1970s. Adjuvant RT signifi cantly 
improves local control and survival after resection. The posi-
tive effect of postoperative RT was initially demonstrated in 
patients treated with whole brain RT (WBRT). Three random-
ized trials documented the effi cacy of adjuvant whole brain 
radiotherapy with signifi cantly increased median survival 
(Walker et al.  1978 ,  1980 ; Andersen  1978 ). The effi cacy of RT 
improved as advanced imaging techniques enabled more pre-
cise radiotherapy planning which focused the treatment on the 
tumor while minimizing the irradiation of normal brain tissue. 
Involved fi eld RT (IFRT) superseded WBRT and was subse-
quently augmented by 3D conformal RT (3D-CRT), intensity-
modulated RT (IMRT), and  stereotactic radiotherapy. 

 Despite numerous attempts to combine radiotherapy and 
chemotherapy, no signifi cant benefi t was shown for adjuvant 
chemotherapy until the advent of temozolomide (Stupp et al. 
 2005 ), which remains the current standard therapy for glio-
blastoma multiforme (GBM). 

 A large phase III study of the Radiation Therapy Oncology 
Group (RTOG) and Eastern Cooperative Oncology Group 
(ECOG) investigated the treatment of malignant gliomas in the 
1970s (Chang et al.  1983 ). The effi cacy of four postsurgical treat-
ment options was compared: (1) control radiation of 60 Gy/6–7 
weeks to whole brain, (2) control radiation dose plus a booster 
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 Abstract 

   This chapter deals with radiation therapy techniques used 
for treatment of malignant glioma. It shows how they 
have become more and more sophisticated over the past 
decades. Due to this achievement in the planning proce-
dure an exact defi nition of the target volume has become 
indispensable and increased the role of imaging in radio-
therapy. The pros and cons of various imaging modalities 
are discussed from the view of a radiation oncologist. 
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dose of 10 Gy/1–2 weeks to the tumor, (3) control radiation dose 
plus 1,3-bis(2-chloroethyl)-l- nitrosourea (BCNU, carbazine), and 
(4) control radiation dose plus combination methyl-chloroethyl-
cyclohexyl- nitrosourea (CCNU, lomustine) and DTIC (dacarba-
zine). No treatment option was found to be signifi cantly better 
than the control. At least several important prognostic factors 
have been identifi ed: age, histologic type (astrocytoma with ana-
plastic foci versus GBM), initial performance status, time since 
fi rst symptoms, and presence or absence of seizure.  

2     Modern Methods and Strategies 

2.1     Whole Brain Radiation Therapy (WBRT) 
Versus Involved Field Radiation 
Therapy (IFRT) 

 WBRT initially used opposed lateral cranial portals with 
50–60 Gy. The major complications following WBRT 
included progressive and irreversible radiation necrosis, 
small blood vessel injury, vascular occlusion, and demyelin-
ation (Shapiro  1986 ). Other late sequelae included asymp-
tomatic narrowing of large vessels, delayed RT-induced 
leukoencephalopathy, and secondary neoplasia. 

 The severe effects of high-dose WBRT led to the adoption 
of IFRT as standard therapy. Up to 80–90 % of recurrent 
malignant gliomas develop within 2 cm of the original tumor 
(Wallner et al.  1989 ). Thus, radiation treatment of the tumor 
bed plus margin could reduce the recurrence rate with far less 
toxicity. Initially, this concept was imperfectly realized, with 
external beam RT coarsely focused using individually formed 
lead cutouts to protect the surrounding healthy brain tissue.  

2.2     3D Conformal Radiation Therapy 

 The use of 3D CRT radiotherapy planning improved the dis-
tribution of radiation to the tumor and surrounding tissue. 
Treatment plans with clearly delineated target volumes are 
based on tissue density measurements in Hounsfi eld units of 
computer tomography (CT). Additional imaging modalities 
such as magnetic resonance imaging (MRI) or positron emis-
sion tomography (PET) can be fused with the planning CT to 
further defi ne target areas (Glatstein et al.  1985 ). 
Considerations in treatment planning include beam sequelae 
energy, fi eld size and shape, beam modifi ers, irradiated tis-
sue density and heterogeneity, and radiation tolerance of sur-
rounding normal tissues. With 3D treatment planning, the 
target is typically encompassed by multiple treatment beams. 
Since RT beams deliver a relative homogeneous dose to the 
target, wedges can be added to modify the intensity profi le of 
the beam. Nevertheless, a signifi cant RT dose is delivered to 
all tissues in the shadow of the target (Grosu et al.  1998 ).  

2.3     Intensity-Modulated Radiotherapy 
(IMRT) 

 Further advances in computer technology enabled the applica-
tion of nonhomogeneous beams, known as intensity- 
modulated RT (IMRT). The dose fl ounce is modifi ed. Such 
nonuniform doses from several beam orientations are com-
bined to deliver the highly customized dose distributions to 
the target, optimizing the dose to tumor while sparing normal 
tissue (Fig.  1 ). After the physician defi nes the desired dose 
distribution to tumor and organs at risk, a reiterative computer 
algorithm is used to generate an optimized set of beam inten-
sity profi les. This so-called inverse planning is particularly 
advantageous when the target is adjacent to radiation- sensitive 
structures, where a steep falloff of dose can be attained. The 
decreased dose to organs at risk may minimize radiation-
related adverse events (Narayana et al.  2006 ). This treatment 
modality depends on a clear delineation of target volumes and 
of structures that are to spare by the treating physician. The 
overall complexity of this technologically advanced radiation 
planning requires sophisticated computer software and hard-
ware, skilled physicist support, and increased delivery time for 
treatment. Delivery of treatment depends on linear accelera-
tors which can administer radiation through a rapid succession 

  Fig. 1    Intensity-modulated radiotherapy (IMRT). The IMRT treatment 
plan for re-irradiation based on the FET uptake of the patient imaged in 
this fi gure. This plan of 39 Gy in 13 fractions consists of two arcs of 
gantry movement. One arc composed of more than 150 fi elds, indicated 
by the  yellow circle . The concave and convex dose distribution is best 
visualized in the blue 50 % isodose line       
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of apertures, either static or moving, known as “step-and-
shoot” and “sliding-window,” respectively.

   A nonuniform dose distribution can be intentionally pre-
scribed in  dose painting  to target tumor areas that are mark-
edly radiation resistant. These areas can be visualized on 
PET (e.g., hypoxia PET, proliferation PET, etc.) or func-
tional MRI. Alternatively, a more conformal dosage can be 
obtained by a simultaneous integrated boost in which all 
 target volumes such as viable tumor and residual tumor plus 
margins are treated concurrently (Piroth et al.  2012 ). These 
complex plans are evaluated on the basis of dose-volume 
tables and histograms that show minimum, mean, and maxi-
mum dose to a given structure. Presently there is no proven 
benefi t to delivering doses beyond 60 Gy with IMRT in glio-
blastoma patients (Chan et al.  2002 ).  

2.4     Stereotactic Radiosurgery (SRS) 
and Radiotherapy 

 Stereotactic radiosurgery (SRS) and radiotherapy are deliv-
ered using a linear accelerator or Gamma Knife with 
cobalt-60. Stereotactic radiosurgery is performed in a single 
high-dose fraction to small (<4 cm) targets, whereas frac-
tionated stereotactic radiosurgery is delivered in several frac-
tions. Stereotactic radiotherapy can also be delivered over 
multiple fractions. 

 The Gamma Knife contains a helmet with circular aper-
tures ranging from 4 to 18 mm that collimates cobalt-60 rays 
onto a single target point. In a linear accelerator, circular col-
limators ranging from 4 to 40 mm diameter generate a circu-
lar pencil beam. The treatment is delivered using multiple 
non-coplanar arcs that intersect at a single point. The ideal 
target is spherical in shape. Irregularly formed lesions are 
treated using multiple circular collimators or collimator hel-
mets placed on different nearby target points to minimize the 
exposure of normal brain. RTOG study 90–05 recommended 
the maximum tolerated dose of single fraction SRS to be 
24 Gy to a target ≤20 mm, 18 Gy to a target of 21–30 mm, 
and 15 Gy to a target of 31–40 mm (Shaw et al.  2000 ). 

 LINAC radiosurgery is performed by linear accelerators 
incorporating improved guiding techniques and methods like 
micromultileaf collimators or intensity modulation for 
improved accuracy. 

 CyberKnife is a LINAC-based commercially available 
system mounted on an industrial robot. The robotic arm can 
be manipulated in six axes. The LINAC system provides 
energy of 6 MeV and uses circular collimators. Two orthogo-
nal X-ray apparatus are used for target tracking leading to 
frameless positioning of the patient. According to the manu-
facturer, an accuracy of 0.2 mm can be achieved. 

 RTOG 93–05 trail was unable to demonstrate a benefi t 
from adjuvant SRS in a phase III trial, in which 203 patients 

were randomly assigned to stereotactic radiosurgery fol-
lowed by involved fi eld RT plus carmustine (BCNU) to 
immediate involved fi eld RT plus carmustine. Median sur-
vival was similar on both arms of the study (13.6 and 
13.5 months, respectively), as was survival at 2 and 3 years 
(21 versus 19 % and 9 versus 13 %, respectively) (Souhami 
et al.  2004 ). Conversely, stereotactic radiosurgery has also 
been used to boost fractionated RT for the treatment of newly 
diagnosed GBM following either biopsy or resection. Results 
from observational studies have been mixed and are diffi cult 
to interpret due to patient selection bias. 

 Stereotactic radiotherapy is also used in recurrent gliomas 
for re-irradiation (Shepherd et al.  1997 ; Grosu et al.  2005b ).  

2.5     Interstitial Brachytherapy 

 For interstitial brachytherapy, radioisotope seeds are placed 
intraoperatively within the tumor or resection cavity. 
Iodine-125, a low-dose rate irradiator, is commonly used. 
The high-dose isotope iridium-192 has also been tested 
for selected patients. Although interstitial brachytherapy is 
frequently used in treatment of other disease entities, such 
as prostate cancer, its role is limited in the treatment of 
gliomas. 

 Brachytherapy enables the delivery of a large radiation 
dose to the tumor volume, with rapid falloff in surrounding 
tissues. Despite these theoretical dosimetric and radiobio-
logical advantages, randomized clinical trials have shown 
marginal or negligible benefi t in the treatment of malignant 
gliomas. In the largest study, 299 patients with malignant 
gliomas were randomly assigned postoperatively to IFRT 
plus carmustine with or without interstitial brachytherapy. 
The difference in median survival with the addition of 
brachytherapy was not statistically signifi cant, 68 versus 59 
weeks without brachytherapy (Selker et al.  2002 ).  

2.6     Dose Prescription 

 An RT dose of 50–60 Gy has been shown to maximize post-
operative survival, independent of the extent of resection 
(Coffey et al.  1998 ). Dose escalation above 60 Gy did not 
improve survival and was associated with severe white mat-
ter changes which correlate with the total dose of cranial 
irradiation (Piroth et al.  2012 ; Corn et al.  1994 ; Tsien et al. 
 2009 ). 

 Typically, WHO grade III gliomas are treated with a dose 
of 59.4 Gy in 1.8 Gy fractions versus 60 Gy in 2 Gy fractions 
for grade IV. This 10 % dose reduction per fraction is postu-
lated to reduce the extent of normal tissue complications in 
patients with protracted survival, but there is no data compar-
ing these regimens.  
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2.7     Particle Radiation Therapy 

 Particles used for radiation therapy include atomic particles 
such as electrons, neutrons, and protons (hydrogen), as well 
as nuclei of atoms such as helium, carbon, and neon. Heavy 
ion particles such as helium and neon directly damage 
 cellular targets, rather than working through a free radical 
intermediary that is oxygen dependent, such as with  electrons 
and photons. This may enhance the effi cacy of treatment in 
the hypoxic conditions present in certain tumors such as 
malignant gliomas. In addition, these heavy ion particles 
release energy at a certain depth, known as a Bragg peak, 
which allows the dose to be precisely aimed within the target 
tissue and provide an increased relative biological effective-
ness. They have been used alone and as a boost to conven-
tional photon EBRT (Combs et al.  2010 ). 

 Prospective randomized phase III trials comparing pro-
tons or carbon ions with precision photon RT have never 
been conducted. There are limited data on the usage of pro-
ton beam RT in GBMs. A study of 15 patients with GBM 
treated with neon ion irradiation showed median survival of 
13–14 months (Castro et al.  1997 ). In one series of 23 
patients, proton RT resulted in a median survival of 20 
months following surgery (Fitzek et al.  1999 ). In the later 
study a dose equivalent to 90 Gy was prescribed. The authors 
reported a high rate of tissue necrosis causing progressive 
neurological symptoms and need for surgical intervention. 

 Whereas the highly conformal radiation delivery with the 
use of protons can permit dose escalation, its potential appli-
cation in treating GBM may be better suited to simply limit-
ing RT-related side effects. Radiation therapy using protons 
can limit RT-related side effects due to its conformal dose 
delivery. However, a convincing benefi t from dose escalation 
was not demonstrated so far. These data do not appear to be 
better than can be achieved with standard photon RT. 

 Indications for heavy particle include skull base chordo-
mas and chondrosarcomas (Schulz-Ertner and Tsujii  2007 ). 
In a retrospective analysis of nonrandomized treatment 
groups, chordoma patients treated with protons had a signifi -
cantly higher local control probability in comparison to 
patients treated with photons (Colli and Al-Mefty  2001 ).   

3     Role of Imaging and Treatment 
Planning 

 In radiation oncology, imaging is used for clinical staging 
and treatment planning. Following a course of treatment, 
imaging is performed at regular intervals to assess for recur-
rence or, in case of long-term survivors, for second primary 
malignancies. Radiation oncologists must be familiar with 
imaging modalities and understand the accuracy and limita-
tions of each. Considering the abovementioned improve-

ments and changes of radiation therapy, the role of imaging 
becomes more and more important in treatment planning. 

 An important part of the radiation therapy is the delinea-
tion of the gross tumor volume (GTV), clinical target volume 
(CTV), and planning target volume (PTV). The macroscopic 
apparent tumor volume is referred to as GTV. The CTV 
encompasses suspected tumor invasion to the adjusted tissue, 
lymph vessels, or the draining lymph node stations, which 
cannot be identifi ed by imaging. Radiation oncologists need 
expertise in anatomy and knowledge of the different malig-
nancies in order to generate a rational and individual CTV. For 
example, glioblastoma spread along the white matter does not 
infi ltrate the dura. The planning target volume (PTV) takes 
into account the accuracy of administration of the radiation 
therapy. A safety margin is added to the CTV in all directions 
depending on the accuracy of the treatment facility, the radio-
therapy technique, the reproducibility of the daily patient 
positioning, or the patient movement during treatment. 

 Standard morphological imaging methods like CT (com-
puted tomography) and MRI (magnetic resonance imaging) 
enhanced with contrast agents are employed. 

 In the treatment of GBM, the RT dose is usually delivered 
to the tumor or resection cavity plus a margin of apparently 
normal brain tissue. The EORTC guidelines (European 
Organization for Research and Treatment of Cancer) recom-
mend a margin of 2 cm. The current guidelines of RTOG 
recommend a 2 cm margin around the resection cavity and 
the postoperative edema. In a recent study, patterns of failure 
were similar between the different treatment plans; however 
the median volume percent of brain irradiated to high doses 
was signifi cantly smaller for EORTC plans than for RTOG 
plans (Minniti et al.  2010 ). 

 Margins from CTV to PTV became smaller over the years 
because of improvement of patient positioning using stereo-
tactic cranial masks (STX) or STX whole body mat. Image 
guidance during RT not only controls the positioning of the 
patient but also the positioning or fi lling of inner organs. For 
this purpose, X-rays, kV imaging or MV imaging, and even 
cone beam CT are integrated in the linear accelerator. 

 Advanced imaging modalities for the RT treatment plan-
ning require sophisticated software tools to co-register mul-
tiple imaging scans. The automatic segmentation of structures 
can be done according to density information like Hounsfi eld 
units or by generating iso-contours by defi ning thresholds. 
Some programs can also generate structures like organs at 
risk from a stored database. 

3.1     Computed Tomography (CT) 

 CT plays a primary role in RT treatment planning. Compared 
with conventional simulation, CT-based planning allows for 
more accurate target delineation, tighter margins, and less 
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normal tissue irradiation. CT dose calculation is based on 
tissue density (Hounsfi eld units).  

3.2     Magnetic Resonance Imaging (MRI) 

 Due to excellent soft tissue contrast and ability to image 
directly in multiple planes, MRI is the preferred imaging 
modality for intracranial and spinal tumors. Using modern 
software, MRI is co-registered to the planning CT. 

 The contrast enhancement on MRI represents the 
breakdown of the blood–brain barrier (BBB) (Conventional 
MR imaging). A disruption of the BBB can also occur 
from recent operations or radiation therapy (Taal et al. 
 2008 ; Clarke and Chang  2009 ; Wen et al.  2010 ). Thereby, 
it is not tumor specifi c. Additionally, there are sometimes 
large tumor parts where the BBB is not yet affected and 
that show no secondary tumor features like enhancement, 
cerebral edema, and/or compression of other brain struc-
tures. These tumor parts as well as non-enhancing low-
grade gliomas are only seen as a hyperintense signal on 
FLAIR or T2 sequences (Conventional MR imaging). In 
these cases, the contrast enhancement in T1-weighted 
MRI sequences underestimates the tumor mass, and con-
sequently, these parts are insuffi ciently treated. 

 In addition, as bevacizumab reverses the breakdown of 
the BBB, it leads to decrease of the contrast enhancement on 
MRI, pseudo-response, and alteration in tumor behavior. 
There is evidence that bevacizumab may alter the recurrence 
pattern of malignant gliomas by suppressing enhancing 
tumor recurrence more effectively than it suppresses nonen-
hancing, infi ltrative tumor growth (Norden et al.  2008 ). 

 Consequently, as mentioned in Conventional MR imag-
ing, certain treatment- related changes after surgery, radia-
tion, and/or chemotherapy, known as pseudo-progression and 
pseudo-response, cannot be differentiated from tumor tissue 
(Clarke and Chang  2009 ; Wen et al.  2010 ; Brandsma and van 
den Bent  2009 ). Because it is self-limiting, it is necessary to 
separate this phenomenon from radionecrosis, which is a late 
and progressive radiation injury. It can develop months or 
even years after the treatment (Giglio and Gilbert  2003 ).  

3.3     Positron Emission Tomography (PET) 

 Imaging methods like positron emission tomography (PET) 
and single-photon emission computed tomography (SPECT) 
detect metabolic activity of tumor tissue. 

 As described in Chap. 7, current diagnostic efforts focus 
on the use of radiolabeled amino acids (AA) as tracers for 
brain tumors. Increased AA uptake in gliomas is related to an 
overexpression of amino acid transporters in the cell mem-
brane. It has been demonstrated that AA uptake in tumor tis-

sue is almost entirely mediated by type L-AA carriers 
(Langen et al.  2000 ). 

 FET and MET were shown to be equally sensitive and 
specifi c in clinical practice (Weber et al.  2000 ; Grosu et al. 
 2011 ). 

 PET and MRI scans of gliomas show considerable differ-
ences in tumor volume and position (Fig.  2 ). In 39 resected 
GBM patients  11 C-MET uptake extended beyond the tumor 
identifi ed by magnetic resonance imaging in 74 % (Grosu 
et al.  2005a ). In a study of 41 glioma patients, integrat-
ing FET uptake into the delineation of GTVs yielded 
signifi cantly larger volumes in high-grade patients. The 
congruence of MRI and FET signals was poor with mean 
uniformity indices of 0.39. MRI-based PTVs missed 17 % 
of FET PET-/CT-based GTVs (Rieken et al.  2013 ). Thus, 
the choice of imaging technique can affect the success of the 
radiotherapy.

   A trial of 44 patients with re-irradiation of recurrent 
malignant glioma revealed a signifi cantly longer survival 
time in patients irradiated using MET-PET or IMT SPECT/
CT/MRI image fusion in the treatment planning, in compari-
son to patients treated based on MRI/CT alone. The median 
tumor volume was larger in the group with PET/SPECT in 
comparison to the MRI/CT group, 19 and 14 cm 3 , respec-
tively (Grosu et al.  2005a ,  b ). The size and location of resid-
ual tumor after surgery seen on MET-PET scan differ 
considerably from abnormalities found on postoperative 
MRI. In another study of 39 patients, methionine uptake and 
contrast enhancement on MRI corresponded only in 13 % of 
the cases (5/39 patients), while in 74 % of the cases, the 
region of MET uptake was larger than the region of contrast 
enhancement. Otherwise, the contrast enhancement area 
extended beyond the MET uptake in 69 % of the 39 patients 
(Grosu et al.  2005a ,  b ). 

 Imaging with MRI and FET PEt allowed better distinc-
tion between cellular glioma tissue and peritumoral brain tis-
sue than MRI alone. In a study of 31 patients correlating 
imaging fi ndings with histological specimens, MRI yielded a 
sensitivity of 96 % for the detection of tumor tissue but a 
specifi city of only 53 %, and combined use of MRI and FET 
PET yielded a sensitivity of 93 % and a specifi city of 94 % 
(Pauleit et al.  2005 ). 

 Low- and high-grade gliomas can be discriminated by 
using time activity curves from dynamic FET PET (see 
Chap. 7, Pöpperl et al.  2007 ). Such diagnostic advantages 
can be used by radiation oncologist to create IMRT plans 
with integrated simultaneous boost to the aggressive tumor 
parts. Preclinical studies even demonstrated that it is possible 
to detect tumor stem cells by PET using antibody-based 
tracer (Gaedicke et al.  2014 ). 

 PET with radiolabeled AA can be used to visualize the 
infi ltrative growth of gliomas for radiation treatment plan-
ning and response monitoring (Götz et al.  2012 ; Götz and 
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Grosu  2013 ). Patients showing decrease of tracer uptake 
early after completion of radiochemotherapy had a signifi -
cant longer progression-free survival and overall survival 
(Galldiks et al.  2012 ). 

 Other tracers like [ 18 F] 3′-deoxy-3′-fl uorothymidine 
(FLT) that visualize cell proliferation are currently under 
research and might prove to be a valuable tool in response 
assessment, but are not yet used in clinical practice.  

3.4     Image-Guided Radiation 
Therapy (IGRT) 

 Radiation therapy has essentially always been guided by 
images. However, today this term defi nes not only the use of 
modern imaging modalities incorporating functional or bio-
logical information but also the use of imaging to adjust for 
target motion or positional uncertainty. The RT fi eld of the 

a b

c d

  Fig. 2    Multimodal imaging for target volume delineation in a patient 
with recurrent glioblastoma. ( a ) Three-dimensional T1-weighted 
contrast enhanced MRI. ( b ) Planning CT. ( c ) 18F-FET PET/CT with 
CT-based attenuation correction in gray scale. ( d ) 18F-FET PET/CT 
with CT-based attenuation correction in rainbow scale. All images are 

co-registered with the planning CT. The red contour corresponds to 
the contrast enhancement on MRI and the orange contour to the FET 
uptake on PET. The volume and position of the detected tumor vary 
depending on the imaging method       
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linear accelerator is monitored by X-rays using formerly 
with radiographic fi lms and currently electronic portal imag-
ing. Features of IGRT include daily online imaging, X-rays, 
cone beam CT, and megavolt CT to four-dimensional (4D) 
target localization. For brain tumors the combination of gan-
try and a planar kV imaging system leads to high-resolution 
diagnostic quality images of the patient in treatment posi-
tion. The target tracking is by orthogonal X-ray images 
matched using bone or implanted markers (Fig.  3 ). The 
exposure to radiation is considerably less than using elec-
tronic portal imaging device (EPID).

   IGRT has taken on greater importance with the introduc-
tion of IMRT including prolonged treatment time and the 
presence of steep dose gradients. The use of high fraction 
size in stereotactic radiation therapy requires an optimal tar-
get defi nition patient positioning to limit complication risk. 

 A cone beam CT can be made before and even during the 
radiation treatment in the treatment position to check the 
position of the patient (Jaffray et al.  2002 ).  

3.5     Recurrence and Re-irradiation 

 Diagnostic challenge arises in cases of recurrence in high- 
grade brain tumors. Often, there are post-therapeutic changes 
visible on MRI and CT that can develop over a long time 
span. In cases of contrast enhancement, it is often impossible 

to differentiate between post-therapeutic changes and true 
tumor recurrence. 

 During follow-up  18 F-FET PET contributes important 
additional information for clinical management over and 
above the information obtained by MRI response assessment 
based on RANO criteria. More accuracy is needed in cases 
of re-irradiation, because of the exposure of organs at risk.   

4     Prognosis 

 For the future we will pay more attention to tumor heteroge-
neity. We know that tumor stem cells are radioresistant while 
differentiated cells are more radiosensitive. It is worthwhile 
to learn more about these stem cells in order to optimize the 
treatment, for example, by modifying the fractionation 
scheme (Leder et al.  2014 ).  

    Conclusion 

 Radiation therapy plays an important role in the treatment 
of gliomas and prolongs the survival of the patients. The 
most effective and widely used technique is LINAC per-
cutaneous radiation therapy with photons. 

 Radiation techniques have improved during the past 
decades, starting with opposed fi elds for whole brain 
irradiation leading to sophisticated intensity-modulated 
 radiotherapy using more than 150 fi elds with modifi ed 
fl uency. By upgrading the precision of the beam, imaging 
modalities became increasingly important in treatment 
planning and in treatment application. Advanced imaging 
techniques will stay irreplaceable in the further progress 
of radiation therapy.     
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1            Why Is Advanced Imaging 
Indispensable for Modern Glioma 
Surgery? 

 During the last two decades, the understanding of the value 
of glioma resection has undergone a change. Despite a pau-
city of randomized studies, a number of prospective cohort 
studies have provided acceptable evidence that maximal 
cytoreduction is a meaningful treatment option which serves 
to improve prognosis in patients suffering from high- and 
low-grade gliomas alike. Nowadays, many surgeons are 
adapting this strategy. 

 Low-grade glioma (LGG) patients are frequently young 
and oligosymptomatic, usually presenting with focal sei-
zures which can be easily managed by appropriate medica-
tion. In such patients the neurosurgeon’s responsibility is 
particularly great since the purpose of surgery is not  primarily 
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 Abstract 

   Current data warrant cytoreductive surgical approaches in 
low as well as high grade gliomas. Surgical aims vary depend-
ing on histology – speed of growth and impending malignant 
transformation being major aspects in low grades, while sur-
gical improvement of preconditions for adjuvant therapy 
gains prognostic relevance in malignant glioma. A delicate 
balance between the extent of resection and functional integ-
rity has to be kept in all of these procedures. Their planning 
and realization thus require reliable conceptions of tumor 
extension with reference to functional anatomy. Radiology 
and nuclear medicine provide preoperative and, to a certain 
extent also intraoperative insights. Additional intraoperative 
assistance is provided by electrophysiology and – in malig-
nant glioma – by direct tumor visualization, which uses phar-
macologic agents together with specialized optics. Emerging 
surgical concepts like functionally guided tissue removal or 
so-called supramarginal resection are still waiting for their 
clinical validation and for new techniques which might be 
able to morphologically substantiate the respective rationale. 
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the amelioration of symptoms. Neurosurgeons must keep 
this in mind before deciding on whether to operate and to 
what extent this should be done. On the other hand, recent 
studies have demonstrated that all LGGs will grow. The rate 
of growth has been calculated as about 4 mm/year (95 % CI: 
3.8–4.4 mm, Mandonnet et al.  2003 ). This observation cer-
tainly questions whether a “wait-and-see” strategy is appro-
priate for the management of these patients if cytoreductive 
surgery may be considered an option. To the least, this obser-
vation cautions against just comparing one MRI with the 
 previous one but rather suggests to use the earliest available 
MRI to decide whether a tumor is more or less stable or 
whether it is growing or changing, especially in the light of 
the quoad vitam prognosis of these patients. About 75 % of 
LGG patients die within 5–10 years after initial diagnosis 
(Keles et al.  2001 ; McGirt et al.  2008 ), and the prognosis of 
a low-grade glioma is similar to many non-glial cancers. 
Overall, such considerations justify active approaches in 
low-grade glioma therapy including cytoreductive surgery. 
Even though prospectively randomized studies which would 
unequivocally clarify the role of cytoreductive surgery in 
LGG patients are diffi cult to envision, a number of large and 
prospective cohort studies afford useful data on the value of 
cytoreductive surgery (McGirt et al.  2008 ; Smith et al.  2008 ). 
One such study from Norway provided additional interesting 
data (Jakola et al.  2013 ). In Norway basically two neurosur-
gical departments are involved in glioma care. One depart-
ment favors biopsies, the other craniotomies. Patients treated 
in the hospital with the more aggressive approach survived 
longer. Of note: Even though controlled trials are still miss-

ing (Veeravagu et al.  2013 ), several large cohort studies indi-
cate that resection should extend as far as possible because 
only complete or nearly complete resections, as measured by 
MRI as the best available imaging instrument, will have an 
impact on prognosis (McGirt et al.  2008 ; Smith et al.  2008 ). 

 Similarly, data are available which underline the value of 
resection in  high-grade gliomas  (HGG; Laws et al.  2003 ). 
One small randomized study compared biopsies with resec-
tions in elderly (>65 years of age) HGG patients (Vuorinen 
et al.  2003 ). Patients treated by craniotomy and tumor resec-
tion survived signifi cantly longer. Another prospectively ran-
domized study on 5-ALA for fl uorescence-guided resections 
(Fig.   1  ) was able to demonstrate that patients had prolonged 
progression- free survival when the extent of the resection 
was improved by the use of 5-ALA (Stummer et al.  2006 ). 
Similar effects were observed in a study with patients being 
randomized into surgery with or without intraoperative MRI 
(Senft et al.  2011 ). Authors suggest that progression-free sur-
vival was improved by the use of intraoperative MRI, albeit 
not signifi cantly due to the small number of patients in this 
study. However, most of these studies combined resection 
with adjuvant radiotherapy alone, and it might be questioned 
whether surgery in conjunction with adjuvant radiochemo-
therapy according to the EORTC regime still requires maxi-
mal cytoreduction. To this end, newer studies confi rm that 
the prognostic effect of maximum possible resection of con-
trast-enhancing tumor remains unmitigated or is even boosted 
when patients are treated by the current standard regime, con-
comitant radiochemotherapy, rather than radiotherapy alone 
(Stummer et al.  2012 ; Kreth et al.  2013 ). Similar to the results 

  Fig. 1    View through the microscope, the  left image  shows the 
native surgical site of a small glioblastoma. After exogenous 5-ALA 
 application, tumor cells will become fl uorescent under ultraviolet light 

(red tumor on the  right image ). This feature identifi es the tumor cells 
intraoperatively and facilitates complete resection       
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in LGG, these newer studies suggest that even the removal of 
small residual contrast- enhancing tumor volumes is a deci-
sive element and should be strived for (Stummer et al.  2012 ; 
Kreth et al.  2013 ), as was the case in earlier studies conducted 
prior to the dawn of concomitant radiochemotherapy for glio-
blastomas (Stummer et al.  2008 ; Lacroix et al.  2001 ). In these 
studies surgery was combined with radiotherapy only, and 
small areas of contrast- enhancing tumor remnants signifi -
cantly worsened prognosis as well.

   On the other hand, it is widely accepted that major neuro-
logical defi cits will have an adverse infl uence on prognosis 
(McGirt et al.  2009a ,  b ; Stummer et al.  2012 ). The reasons 
for this have not been clarifi ed. Possibly, patients with pro-
longed and marked postoperative neurological impairments 
are less likely to undergo intensive second-line therapies in 
the case of tumor progression; additionally, they might be 
prone to immobility-related complications. 

 Altogether, neurosurgeons are faced with confl icting 
goals, i.e., to achieve maximal resection during removal of 
diffuse neoplasms of the brain while maintaining neurologi-
cal integrity, both for low- and high-grade gliomas. In this 
context, modern pre- and intraoperative imaging modalities 
are indispensable for state-of-the-art surgical planning and 
should be directly integrated into surgical decision making. 
Imaging, be it preoperative or intraoperative, has greatly 
helped the surgeon in achieving these opposing aims. 
Postoperative imaging is equally essential. Not only will it 
allow the surgeon to assess the quality of his work and 
whether his predetermined resection aims were achieved, but 
it will also allow for more differentiated decisions on adju-
vant therapies. Residual tumor on postoperative imaging is 
closely related to prognosis in patients with low- and high- 
grade gliomas alike. 

 This chapter gives an overview on how imaging strategies 
currently assist in surgical decision making and how they can 
be used intraoperatively for improving surgical management 
of gliomas.  

2     Preoperative Imaging Strategies 

 The decision of the surgeon on whether to perform debulking 
surgery, maximal cytoreduction, or only a biopsy, and the 
appropriate counseling of patients and families, depends on 
preoperative risk assessment. This assessment in turn relies 
on preoperative imaging, which gives information on the 
anatomical extent of tumor deemed appropriate for resec-
tion, on its potential dignity, and on the limits of resection, 
the latter being defi ned by functionally important brain 
structures, i.e., the cortex or deep white matter tracts that 
border on the tumor. Thus, preoperative imaging may be sub-
divided into imaging of surgical tumor morphology and 
imaging of functional brain anatomy. 

2.1     What Is the Surgical Target 
in Low- Grade Gliomas? 

 LGGs are diffuse lesions which extend further than to be 
assumed from the usual MRI sequences. Nevertheless, for 
the sake of defi ning resectability 1  before, the estimated extent 
of resection during, and the surgical result after an operative 
procedure, standard MRI sequences will have to be relied 
upon as the modality giving the best morphological informa-
tion. Among the available sequences, fl uid attenuated inver-
sion recovery (FLAIR) is the one most often used. To this 
end, three large studies which are frequently cited in con-
junction with the value of resection in low-grade gliomas 
(Smith et al.  2008 ; McGirt et al.  2008 ; De Witt Hamer et al. 
 2012 ) rely on FLAIR images to defi ne the extent of tumor 
and resection (Fig.   2  ). Apart from FLAIR images, additional 
sequences are considered necessary (see Conventional MR 
imaging), especially T2-weighted images (possibly in two 
orientations) and T1-weighted images before and after intra-
venous application of Gd-containing contrast agent, the lat-
ter intended to identify areas with possible malignant 
transformation. Identifi cation of such hot spots is crucial 
since the surgeon has to ensure that these areas are specifi -
cally included into the histopathological analysis to avoid 
undergrading of tumors. Hot spots may also be found in 
LGG presenting as gliomatosis (Fig.   3  ). It has not yet been 
addressed in specifi c studies whether focal resection and 
treatment of such hot spots in an otherwise unresectable dif-
fuse LGG infl uence prognosis.

    Due to the diffuse nature of LGG with cells extending 
beyond what can generally be imaged by standard MRI 
(Sahm et al.  2012 ), “supratotal” resection strategies have 
been proposed (Duffau  2013 ; Yordanova et al.  2011 ), which 
consider functional rather than morphological borders of 
surgery. In such surgery, resection would not just be limited 
to the extent of the tumor as defi ned by the FLAIR image, 
but extend further up to cortex areas or deep white matter 
tracts which are considered functionally relevant. Such 
approaches are justifi ed according to the value of maximal 
cytoreduction, provided they are safe. However, it remains to 
be established whether such surgery offers additional 
benefi t.  

1   “Resectability” in glioma surgery is a complex concept which is deter-
mined by the surgeon’s perception of possible neurological defi cits 
related to surgical removal, which in turn is infl uenced by tumor loca-
tion, tumor extension, and morphology, including vessels traversing or 
deep white matter tracts bordering to the tumor. Resectability is further 
infl uenced by the intended use of intraoperative monitoring and map-
ping techniques for minimizing risk while maximizing resection. 
Certain neurological functions are considered indispensable, such as 
language or motor function, while others might be considered amenable 
to limited sacrifi ce, such as visual fi eld defects, or are simply not priori-
tized and therefore not monitored in the context of glioma treatment, 
such as elements of neurocognitive function. 
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2.2     The Role of Modern Imaging 
in Indicating Surgery in Low-Grade 
Gliomas 

 The EORTC study (Pignatti et al.  2002 ) has helped to defi ne 
LGG patients with poor prognosis as opposed to patients 
with a longer survival, based on morphological criteria, his-
tology, patient age, and neurological defi cits. Higher age 
(>40 years), diffuse astrocytic pathology rather than oligoas-
trocytoma and oligodendroglioma, and neurological defi cits 
contribute to the risk. Large tumors (>6 cm) and tumors 
crossing the midline were independent risk factors as well. 

Due to the restricted prognosis of high-risk patients, it might 
appear justifi ed to treat these more aggressively, including 
surgical debulking or cytoreduction. Others have observed 
that the speed of growth, as determined from MR imaging, 
will also help to discern those tumors which carry a bad 
prognosis and possibly require a more aggressive surgical 
approach. Pallud et al. ( 2006 ) have demonstrated that if 
LGGs grow more than 8 mm per year, their prognosis is con-
siderably worse than that of slower-growing tumors. 

 Amino acid positron emission tomography (PET) is a 
modern tool with increasing availability and acceptance for 
guiding the decision whether to perform surgery in appar-

  Fig. 2    Left frontal low-grade glioma in different MR sequences; female, 51 years. – native T1 ( top ), T2 ( middle ), and FLAIR ( bottom ) sequences 
(Courtesy of the Institute of Clinical Radiology, Münster)       
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ently low-grade gliomas and in which areas to specifi cally 
collect biopsies. Hot spots in diffusely infi ltrating tumors do 
not only delineate malignant tumor regions (Kunz et al. 
 2012 ; Ewelt et al.  2011 ) but they will also help to avoid 
undergrading if areas of malignant degeneration are missed 
(Fig.   3  ). It is estimated that high-grade astrocytomas are 
 frequently undergraded if they are only biopsied instead of 
being resected after craniotomy, the latter with a higher 
 likelihood of fi nding the anaplastic focus in up to 30 % of 
cases (Glantz et al.  1991 ; Woodworth et al.  2005 ; Jackson 
et al.  2001 ; Muragaki et al.  2008 ). Even in histologically 
proven LGG, increased amino acid uptake appears to sig-
nify a worse prognosis than in LGG without enhanced 

uptake (Floeth et al.  2007 ). Consequently, if a presumed 
LGG shows enhanced amino acid uptake, cytoreductive 
therapy should be considered more strongly, which can be 
based on the available evidence from the surgical treatment 
of HGG and the probability that such tumors might actually 
represent malignant gliomas which require adjuvant 
therapies. 

 PET (Chap. 7) and MR modalities (Chaps. 3, 4, 5, and 6) 
are currently being introduced into routine use, supplement-
ing the information to be derived from standard sequences 
and possibly helping to identify low-grade tumors at risk for 
rapid progression (Guillevin et al.  2012 ; Geer et al.  2012 ; 
Sahin et al.  2013 ).  

  Fig. 3    Low-grade gliomatosis with metabolic hot spots demonstrated by PET; female, 45 years. – FLAIR ( top ), contrast-enhanced T1 ( middle ), 
and  18 FET-PET ( bottom ) (Courtesy of the Institute of Clinical Radiology and Clinic for Nuclear Medicine, Münster)       
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2.3     What Is the Surgical Target in  High- 
Grade Gliomas? 

 In HGG a prognostic value of resection has always been 
associated with the removal of the contrast-enhancing parts 
of the tumor, as visualized by the contrast-enhanced 

T1-weighted sequence, although it is well known that malig-
nant glioma cells infi ltrate many centimeters beyond the 
contrast-enhancing tumor margins or even beyond the zone 
of edema (Sahm et al.  2012 ). This has been observed for 
both the anaplastic astrocytomas (Keles et al.  2006 ) and, 
with several large cohort studies and one randomized study, 
in glioblastoma (McGirt et al.  2009a ,  b ; LaCroix et al.  2001 ; 
Stummer et al.  2008 ; Stummer et al.  2012 ; Kreth et al. 
 2013 ). This observation may be related to the biological 
characteristics of contrast-enhancing tumor. Contrast-
enhancing areas are highly replete with dysfunctional ves-
sels from uncontrolled angiogenesis, which are ineffi cient 
in supplying the tumor with oxygen, resulting in tumor 
hypoxia. This hypoxia, among other factors, renders the 
tumor resistant to radiotherapy (Stummer et al.  2011a ,  b ). 

 Recent evidence, however, suggests that resections 
extending beyond the area of contrast enhancement might 
further improve prognosis in patients with glioblastomas as 
demonstrated by Aldave et al. ( 2013 ). This group operated 
glioblastoma patients guided by 5-ALA fl uorescence. The 
zone of fl uorescing tissue, which the surgeon can observe 
intraoperatively, is now known to extend well beyond the 
area of contrast enhancement as visualized by the MRI or 
even the  18 FET-PET (Fig.   4  ) (Schucht et al.  2014 ; Roessler 
et al.  2012 ). Aldave et al. ( 2013 ) analyzed all their patients 
without contrast-enhancing residual tumor on early postop-
erative MRI and stratifi ed by whether all fl uorescing tissue 

had been resected or not. They demonstrated that patients 
in whom all fl uorescing tissue had been removed survived 
signifi cantly longer. The MRI equivalent to this region of 
fl uorescence extending beyond contrast enhancement is not 
known. Whether MR spectroscopy (see Chap. 3), diffusion- 
weighted imaging (Chap. 5), or MR perfusion methods 
(Chap. 4) will play a future role in helping to predict the 
extension of fl uorescence beyond the region of contrast 
enhancement cannot yet be foreseen. In a malignant glioma, 
contrast enhancement will typically be encased by the zone 
of edema (Fig.   4  ).

   The CT scan may also play a role in defi ning surgical 
strategies for oligodendrogliomas or oligoastrocytomas. 
These tumors frequently show calcifi cations on CT scans 
which are sometimes diffi cult to confi dently diagnose on the 
MRI. Recognizing a possible “oligo” component on preoper-
ative imaging will infl uence the surgeon’s strategy regarding 
cytoreduction when neurological function is at stake (Fig.   5  ). 
High-grade oligodendrogliomas and  oligoastrocytomas have 
a better prognosis in the face of cytotoxic therapies than 
 anaplastic astrocytomas (Wick et al.  2009 ), and thus for such 
patients jeopardizing neurological function for the sake of 
radical tumor removal need not be an option.

2.4        Preoperative Imaging of Function 
and Functional Anatomy 

 During glioma surgery preservation of neurological function 
is paramount compared to radicalness, but safely achievable 
utmost radicalness must always remain the goal of surgery, 
or else the risks of surgery would not be justifi ed. 
Intraoperatively, low-grade or infi ltrating high-grade tumor 
tissue outside the region of gross necrosis is not easily distin-
guishable using microscopic visualization techniques, nor is 
function. Thus, preoperative knowledge of the anatomical 
localization of non-dispensable functions relative to tumor 
tissue aimed for resection is crucial. This knowledge will 
infl uence the surgeon’s judgment of resectability in the indi-
vidual case and will guide his decision on the surgical 
approach, the selection of technological aid for surgery (neu-
ronavigation, fl uorescence, intraoperative mapping or moni-
toring), and his counseling of patients and families regarding 
the risks and gains of surgery. 

2.4.1     Imaging of Functional Cortex 
 Intraoperatively, apart from gross anatomical landmarks for 
indication of functionally important cortex and tracts, the 
brain offers few clues to individual functional representation 
on the one hand, or to the extent of resectable tumor on the 
other (see Conventional MR imaging). 

 With the exception of the primary motor cortex (Farrel 
et al.  2007 ; Shinoura et al.  2009 ), the classical anatomi-

  Fig. 4    Glioblastoma; male, 61 years. – contrast-enhanced T1 sequence. 
 Left : Edema encasing the region of contrast enhancement.  Right : 
Postoperative image after “supramarginal” resection guided by 5-ALA 
fl uorescence (Courtesy of the Institute of Clinical Radiology, Münster)       
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cal representation of functions on the cortical surface may 
show considerable interindividual variability, especially with 
regard to the areas of language representation. The so-called 
“Broca” area in the inferior precentral frontal gyrus and the 
so-called “Wernicke” region located in the posterior third of 
the superior temporal gyrus are more or less statistical con-
centrations of cortical locations relevant for speech phonol-
ogy, syntax, and semantics (Vigneau et al.  2006 ). Cortical 
regions with signifi cant language functions may be found 
outside the classical regions so that simply respecting ana-
tomical topography will not give the necessary safety for 
resecting tumors close to the so-called eloquent brain regions 
(McGirt et al.  2009a ,  b ; Ojemann et al.  2008 ). Such knowl-
edge has been derived from mapping during brain surgery 
under local anesthesia. Furthermore, brain tumors some-
times lead to considerable distortion of normal topography, 
a factor in itself obscuring efforts to maintain safety during 
resection close to eloquent brain regions. Further, functional 
rearrangement over time as an indicator of brain plastic-
ity has been demonstrated as a response to tumor invading 
eloquent brain (Desmurget et al.  2007 ), which further con-
founds attempts to localize individual functions based on 
anatomy alone. Thus, preoperative imaging of the individual 

representation of function would be of utmost benefi t. To this 
end functional MRI (fMRI) is the most commonly employed 
modality (see Conventional MR imaging) (Belliveau et al. 
 1991 ). Appropriate computer algorithms serve to convert 
this information into overlays on conventional MR imagery 
for the representation of “eloquent” brain regions (Fig.   6  ).

   This information can be imported into the image base 
used for neuronavigation, which can then be used for locat-
ing functionally important cortex intraoperatively (Nimsky 
et al.  2011 ). However, the reliability of fMRI in precisely 
predicting the location of cortical locations critical for lan-
guage functions is not unanimously accepted (Giussani et al. 
 2010 ). Furthermore, fMRI information suffers from brain 
shift, as does neuronavigation, further losing reliability dur-
ing the course of surgery. Nevertheless, fMRI gives  suffi cient 
preoperative information to determine which hemisphere is 
dominant for language, thus allowing to determine preopera-
tively whether advanced neurophysiological monitoring or 
mapping techniques are necessary and helping to approxi-
mately predict at which locations the surgeon should test for 
function during surgery. 

 A newer development for the expansion of the potential of 
MRI and neuronavigation is transcranial magnetic stimula-

  Fig. 5    Anaplastic oligoastrocytoma with calcifi cations; male, 72 years. – contrast-enhanced T1 ( left ), and native CT (right; courtesy of the 
Institute of Clinical Radiology, Münster)       
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tion (TMS), a technique which promises greater reliability 
and spatial resolution than fMRI (Weiss et al.  2012 ). With 
this method a magnetic coil is used to generate highly defi ned 
electrical fi elds for the transcranial induction of cortical 
potentials which in turn elicit motor responses. These 
responses can be detected, quantifi ed, and incorporated into 
the MRI images used for neuronavigation, a procedure 
referred to as navigated brain stimulation (NBS). So far, reli-
able data are available for the noninvasive detection of motor 
functions of the hands and feet (Weiss et al.  2012 ). The 
detection of the cortical representation of perioral muscles 
and the muscles of the tongue and the detection of regions 
essential for language production (by inhibitory stimulation) 
are presently being validated in clinical studies.  

2.4.2     Imaging of Subcortical Tracts 
 Although fMRI and NBS have proven useful for preopera-
tive localization of functionally relevant cortex, these 
methods do not give information on subcortical white mat-
ter tracts that connect functionally relevant cortex areas 
and are equally important for maintenance of function. 
Diffusor tensor imaging, which is based on the preferential 
diffusion of water along fi ber structures in the brain 
(Basser et al.  1994 ), has provided the technological basis 
for imaging of deep white matter tracts (Fig.  7 ). This infor-
mation can be integrated into the MR imaging set used for 
neuronavigation, providing an instrument for localizing 
these tracts intraoperatively and reducing surgical risk 
(Wu et al.  2007 ). However, surgeons must bear in mind 
that these data rely on preoperative imaging and are dis-
torted during the course of surgery by tissue shifts due to 
the loss of CSF and tumor resection (“brain shift”). Thus, 
this technique only gives an estimate of the true location of 
functional tracts (Zolal et al.  2012 ; Maesawa et al.  2010 ; 
Prabhu et al.  2011 ).

   Recently, NBS has been combined with tractography, 
providing seeding points for reconstructing functionally rel-
evant white matter tracts using DTI and carrying the poten-
tial for maps of fi ber tracts for individual brain function, for 
instance, within the pyramidal tract (Frey et al.  2012 ).    

3     Intraoperative Allocation of Relevant 
Anatomy 

 The main confounder involved in neuronavigation is a phe-
nomenon called brain shift, i.e., the distortion of anatomy 
as a result of mass resection, puncture of cysts, or loss of 

  Fig. 7    3D reconstruction of the pyramid tract from a diffusion tensor 
data set, tumor marked lilac; male, 62 years (DTI data courtesy of the 
Institute of Clinical Radiology, Münster)       

  Fig. 6    Language mapping by functional MRI; female, 45 years. – BOLD data superimposed on native T1 images (Courtesy of Wolfram Schwindt, 
Institute of Clinical Radiology, Münster)       
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CSF during surgery (Hartkens et al.  2003 ; Spetzger et al. 
 2002 ), compared to the image data set obtained preopera-
tively on which neuronavigation is usually based. This 
markedly reduces the accuracy of neuronavigation as sur-
gery progresses, especially in the late stages of surgery 
where accuracy is crucial for identifying eloquent cortex, 
critical tracts, or residual tumor. For this reason intraopera-
tive MRI or CT is frequently used where such devices are 
available, with the possibility of obtaining a new image 
data set for updating neuronavigation in an iterative fashion 
(Nabavi et al.  2001 ; Ferrant et al.  2002 ; Uhl et al.  2009 ). 
Intraoperative MRI by itself or in conjunction with naviga-
tion has been demonstrated to be a useful tool for identify-
ing residual tumor in glioma surgery. Studies indicate 
effi cacy of intraoperative MRI in increasing the radicality 
of glioma surgery (Senft et al.  2011 ; Kubben et al.  2011 ) or 
in the localization of  relevant tracts or cortex. Navigated 
3D ultrasound, which is far less expensive and logistically 
simpler in its use, fulfi lls a similar purpose (Rygh et al. 
 2008 ) but may be less benefi cial for HGG due to the con-
founding infl uence of edema on ultrasound images (Solheim 
et al.  2010 ). 

 In principle, however, identifi cation of eloquent brain or 
cortex based on imaging modalities will rely on the aptitude 
of these modalities to truthfully detect structures that are sur-
gically relevant. At the end of the day, these methods provide 
two-dimensional indirect pictures derived from tissue biol-
ogy which are susceptible to artifacts and require mental 
reconstruction and interpretation by the surgeon regarding 
the tissue he is confronted with in a three-dimensional space. 
Navigation as an aid for orientation in this space is helpful 
but can only be as good as the underlying imaging. Due 
to these limitations, many dedicated  neuro-oncological 
 surgeons resort to additional, direct, and biologically ori-
ented methods to defi ne function and tumor margins during 
surgery. 

 To this end, direct cortical stimulation (DCS), which was 
introduced during the 1960s of the last century, is experienc-
ing increasing popularity especially for localizing language 
functions in the awake patient under local anesthesia. This 
method relies on the application of electrical currents for 
interrupting critical functions during language testing. For 
detecting deep matter tracts, subcortical stimulation is 
employed (Seidel et al.  2013 ). For the mapping of motor 
functions, surgery may also be performed under anesthesia. 
Surgery in patients using local anesthesia is complex, requir-
ing dedicated anesthesiology and neurophysiology. Due the 
refi nements of modern-day management, this technique 
need not be restricted to language mapping in monitoring, 
but can be extended to many types of neurocognitive func-
tions, e.g., reading, writing, mathematics, different lan-
guages, spatial cognition, working memory, etc. (Ilmberger 
et al.  2008 ; Fernández Coello et al.  2013 ). 

 A large meta-analysis recently established intraoperative 
mapping and monitoring techniques to allow a high fre-
quency of maximal tumor resections while reducing the 
probability of long-term neurological defi cits (De Witt 
Hamer et al.  2012 ). Thus, this methodology allowing for 
direct surveillance of function must currently be considered 
standard for the surgery of gliomas in contrast to the indirect 
method of navigation based on preoperative imaging. 

 Direct methods for the visualization of malignant gliomas 
are also currently available. Intraoperatively, the contrast- 
enhancing margins of malignant gliomas are diffi cult to 
identify as such. This results in a high incidence of residual 
contrast-enhancing tumor, if the surgeon relies on his visual 
impression only (Albert et al.  1994 ; Stummer et al.  2006 ; 
Senft et al.  2011 ). Neuronavigation alone could not be shown 
to increase the rate of complete resections of contrast- 
enhancing tumor (Willems et al.  2006 ). 

 One such intraoperative visual method, which was intro-
duced by our group after a randomized trial (Stummer et al. 
 2006 ), is based on the propensity of malignant glioma tissue 
to accumulate fl uorescent porphyrins in response to external 
administration of the heme metabolite 5-aminolevulinic acid 
(Gliolan®). Accumulation is based on the metabolic particu-
larities of malignant glioma tissue. Ensuing fl uorescence can 
be visualized using commercially available operating micro-
scopes and provides real-time information to the surgeon 
useful for resection on a macroscopic basis (Stummer et al. 
 1998 ,  2000 ,  2014 ). In addition, the method allows direct 
detection and biopsy of anaplastic foci in otherwise low- 
grade gliomas, which is not confounded by the limitations of 
neuronavigation (Widhalm et al.  2010 ; Stummer et al.  1998 ). 
Such foci are preoperatively identifi able by the amino acid 
PET, and close correlations between hot spots on the amino 
acid PET and visible intraoperative porphyrin fl uorescence 
have been demonstrated (Ewelt et al.  2011 ; Widhalm et al. 
 2010 ; Stockhammer et al.  2009 ). Unfortunately, there are no 
similar methods available for LGG as yet.  

    Conclusions 

 Perioperative and intraoperative imaging in conjunction 
with neuronavigation is crucial for planning, risk assess-
ment, and implementation of modern glioma surgery. 
However, direct, biologically oriented methods such as 
cortical and subcortical mapping and monitoring, as well 
as biological intraoperative visualization of tumors, are 
valuable methods expanding the armamentarium of the 
neuro-oncological neurosurgeon for rendering this sur-
gery as safe and effective as possible.     
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   Abstract  

  Chapter   Advanced MR Methods in Differential Diagnosis 
of Brain Tumors     deals with advanced and future MR 
imaging methods in brain tumors. In this chapter, we will 
discuss future MR spectroscopic methods that are promis-
ing regarding the tumor diagnosis and the research of 
tumor biology. Whereas Chap.   MR Spectroscopic 
Imaging     focuses on diagnostic signifi cance of  1 H and  31 P 
MRS, we herein put more emphasis on methodical issues 
of MRS. First, we deal with special editing methods to 
detect special “tumor” metabolites (glycine, 2-hydroxy-
glutarate). In the second part, we discuss methods and 
biological implications of x-nucleus spectroscopy, focus-
ing on the nuclei  31 P and  13 C. Here, we point out that a 
considerable proportion of advanced spectroscopic stud-
ies dealing with brain tumors come from animal studies.  

  Abbreviations 

   2-HG    2-hydroxyglutarate   
  ATP    Adenosine triphosphate   
  Gly    Glycine   
  GPC    Glycerophosphocholine   
  MI    Myo-inositol   
  PCho    Phosphocholine   
  PCr    Phosphocreatine   
  Pi    Inorganic phosphate   
  TCA cycle    Tricarboxylic acid cycle or Krebs cycle   
  tCho    Total choline   
  tCr    Total creatine   
  tNAA    Total N-acetylaspartate   

1           Special Editing Methods in  1 H MRS 

 In Chap.   MR Spectroscopic Imaging    , spectroscopic methods 
were described which provide biochemical information. In 
addition to the easily detectable main metabolites (creatine, 
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choline, tNAA), other compounds can be detected using 
more sophisticated technique markers, which may serve as 
biomarkers for specifi c questions in tumor diagnosis. These 
are glycine and 2-hydroxyglutarate (2-HG), which require 
nonstandard techniques like specifi c spacing of the refocus-
ing pulses in PRESS or additional RF pulses in the sequence 
like MEGA PRESS. 

1.1     Measuring Glycine 

 At short echo time (TE) of about 30 ms, the glycine (Gly) 
signal, a singlet at 3.56 ppm, is masked by the main peak of 
myo-inositol (MI). Since MI represents a strongly coupled 
spin system (Govindaraju et al.  1998 ), its pattern is signifi -
cantly changing with TE, exhibiting a signal reduction at TE 
of 135–44, which is far beyond the signal decay due to typi-
cal T2 relaxation of singlets. This effect can be exploited for 
differentiation between MI and Gly as has been shown in 
several studies on brain tumors using either both TE 

(Hattingen et al.  2009 ; Davies et al.  2010 ) or performing a 
single spectroscopic measurement with an optimized TE 
and refocusing pulse spacing in addition to dedicated spec-
tral analysis (Choi et al.  2011 ; Maudsley et al.  2014 ). 
Figure  1  shows the effi ciency of using the long and short 
TE, comparing tumor spectra for TE at 30 ms to those 
obtained at 144 ms. It is obvious that there is no signifi cant 
decrease in the 3.56 ppm signal between the tumor spectra 
(b, d). In contrast, rather small signal at TE of 144 ms in 
normal- appearing tissue (c) indicates the rather low concen-
tration of MI here.   

1.2     Measuring 2-hydroxyglutarate 

 About 70 % of WHO grade II and III gliomas have a muta-
tion of isocitrate dehydrogenase (IDH1 and IDH2). These 
mutations cause an increased formation of 2- hydroxyglutarate 
(2-HG) from isocitrate, offering the obvious approach to 
consider increased 2-HG as a tumor marker visible in vivo 
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  Fig. 1     Discriminating glycine from myo-inositol by comparing short 
and long TE spectra.  a  shows a spectrum from normal tissue and  b  from 
tumor tissue at TE of 30 ms. The signal at 3.56 ppm could be Gly or MI. 
 c  shows the normal tissue at a TE of 144 ms, while  d  shows the repec-

tive tumor voxel. Normal tissue is known to contain MI but rather low 
concentrations of glycine. The lack of the 3.56 signal in  c  indicates the 
suffi cient suppression of MI at long TE. ( Black  raw data,  red  signal 
estimated by data analyisis,  blue  residual)       
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by  1 H MRS. Increased 2-HG has been observed in vivo in 
mutated tumors (Andronesi et al.  2012 ; Choi et al.  2012 ; 
Pope et al.  2012 ), but as for glycine, it cannot be detected 
easily in standard short TE spectra. Diffi culties and potential 
solutions were recently reviewed (Andronesi et al.  2013 ) and 
can be summarized as follows:
•    Many false positives in standard spectra  
•   Reasonable at optimized TE and adjusted spacing of refo-

cusing pulse followed by dedicated data fi tting  
•   Good but clinically not feasible detection using spectral 

editing either by MEGA-PRESS or 2D methods sensitive 
to spin–spin coupling    
 Figure  2  shows data for optimized TE PRESS.  
 A recent study hints to a metabolic profi le related to the 

mutation (Esmaeili et al.  2014 ). This might offer an alterna-
tive approach using changes in the phospholipid profi le for 
detection of 2-HG.   

2     Other Nuclei 

 All nuclei with odd mass number do have a spin and a related 
magnetic moment, i.e., they should be visible with MR spec-
troscopy. Nuclei other than  1 H are also called x-nuclei. 
Table  1  lists the gyromagnetic ratio γ for nuclei with poten-
tial interest in tumor diagnosis. It determines the Larmor fre-
quency  ω   o   for each nucleus in the magnetic fi eld B 0  according 
to  ω   o   = γB o . Keeping in mind that the sensitivity of MR 
decreases with decreasing Larmor frequency, the bottom row 
in Table  1  compares the frequency of the x-nuclei to  1 H indi-
cating their inferior sensitivity in MR.

   Phosphorous ( 31 P) is of special interest since with almost 
half the Larmor frequency of  1 H it still has a reasonable 
sensitivity. Actually,  31 P MRS was the fi rst method to study 

tissue metabolism in vivo with MR spectroscopy (see Chap. 
  MR Spectroscopic Imaging    ). 

 Further, there is a carbon isotope ( 13 C), which has a 
natural abundance of 1 % and can also be monitored with 
MRS. The carbohydrate metabolism can be followed 
using substances which are enriched (labeled) at specifi c 
positions with  13 C like [1- 13 C]glucose, monitoring the fate 
of the labeled atoms during metabolism. Unfortunately, 
due to the rather low frequency, the sensitivity of  13 C MRS 
is low. However, there is a method for increasing the 
amount of MR-sensitive nuclei by hyperpolarization 
(Ardenkjaer- Larsen et al.  2003 ), which artifi cially 
increases the magnetization for the nuclei of interest by 
several orders of magnitude compared to the thermody-
namic equilibrium. Using this method, imaging of 
 13 C-labeled pyruvate was achieved in several experimental 
tumor models. 

 Although not a metabolite, the sodium ( 23 Na) can be moni-
tored with MR as well. The rather high Na concentration in 
part compensates the low sensitivity. Just for completeness, 
we added the nitrogen isotope  15 N to the table since it has been 
used for measuring the pathological metabolism by analyzing 
body fl uids in high-resolution NMR spectroscopy. 

 We will focus on  31 P MRS as an easy-to-monitor nucleus 
with intriguing capabilities to provide information on lipid 
metabolism which is complementary to  1 H MRS.  31 P MRS 
can also be used to measure the intracellular pH and energy 
metabolism in tissue. In a second part, we will focus on  13 C 
since this nucleus offers a unique fi eld of applications that 
may become realistic with a broad availability of hyperpolar-
ization. In addition, conventional MRS using  13 C-enriched 
compounds will profi t from the potential sensitivity increase 
due to higher magnetic fi elds of 7 T and beyond. 

2.1      31 P MRS 

 Chapter   MR Spectroscopic Imaging     already outlined an 
introduction into the basic principle of  31 P MRS and elabo-
rated on the physiological and biochemical information on 
tumor metabolism. As has already been outlined in this 
Chapter, its main advantage to  1 H MRS is the ability to dis-
criminate between glycerophosphocholine (GPC) and phos-
phocholine (PCho), adding detailed information to the 
so-called total choline signal (tCh) obtained from  1 H 
MRS. Also, the signal of the respective ethanolamine 

control

tumor

4 3.5 3 2.5 2 1.5

  Fig. 2    PRESS spectra obtained at a TE optimized for detection of 
2-HG. The dotted vertical line marks the position of the 2-HG signal. 
The tumor spectrum ( lower trace ,  red ) shows a small signal at this posi-
tion while nothing can be detected in control tissue ( upper trace ,  black )       

    Table 1    Values of the gyromagnetic ratios for nuclei of biochemical 
interest and their ratios to the proton gyromagnetic ratio. Smaller num-
bers indicate decreased sensitivity in MR   

 Isotope   1 H   31 P   13 C   23 NA   15 N 

 γ  26.7  10.8  6.73  7.08  −2.7 
 γ/ γ H   1  0.40  0.25  0.27  0.10 
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compounds can be detected. In addition,  31 P MRS measures 
signals from adenosine triphosphate (ATP) and phosphocre-
atine (PCr), two important metabolites in energy metabo-
lism. Finally, the position of the signal of inorganic 
phosphate (Pi), which occurs between 4.6 and 5.5 ppm, is 
sensitive to pH. With the assumptions that tumor tissue rep-
resents densely packed cells, the position of the Pi signal 
offers an intracellular pH marker. Tissue pH has been dis-
cussed as sensitive indicator for treatment effects. These 
advantages are confronted with the lower sensitivity com-
pared to  1 H. Roughly, a factor of 1/2 results from the lower 
gyromagnetic ratio. Furthermore, an additional factor of 1/3 
occurs for creatine and 1/9 for choline compounds, since the 
main singlet signals in  1 H MRS originate from three or nine 
protons per molecule. Measurements at ultrahigh B 0  fi elds 
(≥7 T) may compensate for the lower gyromagnetic ratio. 
Thus, except for the main metabolites, the sensitivity 
becomes comparable to the sensitivity of  1 H MRS. On the 
other hand, there is the big advantage that no unwanted 
water and fat signals have to be suppressed during measure-
ment or in data processing. This leads to a well-defi ned 
baseline, which considerably improves the accuracy of 
spectral analysis routines. Since we already stressed the 
pathophysiological signifi cance of  31 P MRS detectable 
parameters in Chap.   MR Spectroscopic Imaging    , we will 
rather concentrate on methodological challenges and poten-
tial solutions in the following paragraphs. 

2.1.1     Spatial Resolution 
 Considering the lower gyromagnetic ratio and the lower 
number of nuclei in a distinct chemical bonding for metabo-
lites (see above), the inherent sensitivity for a compound like 
PCr, which is visible in  1 H and  31 P MRS, should be about 
20 % of its  1 H sensitivity. This simply requires a  31 P voxel 
volume of fi ve times the  1 H-voxel volume or, assuming iso-

tropic resolution, an increase in matrix grid size by almost 
75 %. When  1 H MRSI and  31 P MRSI are obtained with the 
intention to combine data, a reasonable geometry would 
match the slice thickness and fi t four  1 H voxels into one  31 P 
voxel. On top of the larger voxel size, an increased spreading 
of signal into adjacent voxels caused by the point spread 
function, which describes the blurring of a point due to 
coarse k-space sampling, has also been considered. Figure  3  
demonstrates the effect: It shows a T2-weighted anatomical 
slice with a tumor in panel a. Panel b depicts the same slice; 
however, by digital fi ltering a blurring was implied which 
mimics a resolution typical to a  1 H MRSI data set obtained 
with a 16 × 16 matrix at 240 mm 2  FOV. Panel c shows this 
slice at a resolution corresponding to an 8 × 8 × 8 matrix for 
data acquisition followed by digital resolution enhancement. 
Obviously, the T2 enhancement marking the tumor is still 
clearly marked at the  1 H MRSI resolution but tends to be 
blurred across the entire brain at the rather poor k-space sam-
pling employed for  31 P MRSI.   

2.1.2     Measuring pH 
 The unique feature of  31 P MRS is the ability of the method to 
detect the pH values in tissue. The effect is based on the pH- 
dependent equilibrium between HPO 4  2−  and H 2 PO 4  −  with the 
signal position of inorganic phosphate providing a weighted 
average of both ions (Prichard et al.  1983 ). Many studies 
observed a shift of the Pi signal toward a more alkaline envi-
ronment (Negendank  1992 ). With the assumption that this 
signal originates mainly from intracellular phosphate (Stubbs 
et al.  1992 ), the  31 P MRS data indicate a reversed pH gradient 
in tumor tissue (more acidic extracellular) with respective 
consequences for tumor metabolism and drug effi ciency 
(Stubbs et al.  1994 ). Figure  4  shows typical  31 P MRS spectra 
from normal-appearing tissue (black) and the tumor (red). 
The insert at the upper right corner represents the extended 

a b c

  Fig. 3    Blurring of signal intensity due to poor digital sampling. 
 a  shows the anatomical image with the tumor in the left hemisphere. 
 b  represents the same slice, however, digitally fi ltered as if the data were 

obtained with 16 × 16 k-space sampling followed by extrapolation to the 
image resolution presented in  a. c  is similar to  b , however, with an 
8 × 8 × 8 k-space sampling, which is typical in many 31P MRSI studies       
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Pi region. For the tumor spectra, the Pi signal exhibits a 
shoulder to the left (lower frequencies or higher pH) and a 
shift in this direction.  

 We want to stress here that partial volume effects prevent 
from a thorough analysis of tumor pH, leaving the open 
question whether the lower pH fractions are due to healthy 
tissue adjacent to the tumor or result from extracellular Pi. A 
recent publication at least identifi es the averaged Pi position 
as a sensitive marker for treatment (Hattingen et al.  2011 ).  

2.1.3     Measuring Lipid Metabolism 
 While the tCho signal in  1 H MRS just refl ects an overall con-
centration of choline compounds, its main components GPC 
and PCho can be discriminated with  31 P MRS. However, for 
MRSI data the quantitative analysis in terms of tissue concen-
trations is severely hampered by partial volume effects as 
described above. The poor point spread function related to the 
standard 8 × 8 matrix for data acquisition is causing a sensitiv-
ity profi le with enhanced signal intensity in the center of the 
brain. Correction by dividing by tissue content obtained from 
anatomical MRI after appropriate fi ltering (see Fig.  3 ) may 
account for this, but experimental data on recurrent brain 
tumors show that the ratio of PCho/GPC, which provides an 
inherent correction for this, gives better results for comparing 
tumor to healthy tissue and monitoring treatment (Hattingen 
et al.  2011 ; Hattingen et al.  2013 ). A further advantage of  31 P 
MRS is the ability to observe the ethanolamine analogues to 
the choline membrane metabolism adding more variables for 
determining tumor-specifi c biochemistry.  

2.1.4     Energy Metabolism 
 Metabolite signals from Pi, ATP, and PCr can easily be detected 
in the  31 P MRSI data allowing an estimation of changes in 

energy metabolism by comparing the ratio of the high-energy 
phosphates (ATP, PCr) to Pi. Most publications report a con-
sistent drop in this ratio (Negendank  1992 ; Hattingen et al. 
 2011 ; Hubesch et al.  1990 ; Rutter et al.  1995 ; Maintz et al. 
 2002 ) indicating limited energy supply in tumor tissue.   

2.2      13 C MRS 

2.2.1    Conventional  13 C MRS 
 De Graaf et al. reviewed the unique role of  13 C MRS in mea-
suring brain metabolism in vivo (de Graaf et al.  2003 ) while 
Ross et al. described preliminary clinical experience in the 
same journal (Ross et al.  2003 ). However, due to the poor 
sensitivity, the in vivo application of  13 C MRS to focal lesions 
in the human brain is even more hampered by limited spatial 
resolution and partial volume effect than  31 P MRS. At least 
there is one case study (Wijnen et al.  2010 ) reporting on a 
malignant glioma. In this study,  13 C labeling of lactate and 
glutamate was observed during an intravenous infusion of 
100 % enriched [1- 13 C]-glucose solution (20 %, w/w). The 
authors compared 54 × 32 × 29 mm 3  voxels, one placed onto 
the tumor and the other one in the contralateral hemisphere, 
monitoring the increase in labeled lactate and glutamate. As 
expected, only glutamate labeling was observed in the 
normal- appearing tissue while the tumor voxel showed 
increased lactate labeling and diminished labeling of gluta-
mate. Based on the glutamate labeling in the reference voxel 
and correcting for the partial volume effect in the tumor 
voxel, the authors concluded that no glutamate labeling 
occurs in tumor tissue, indicating no oxidative phosphoryla-
tion in tumor cells in accordance with the Warburg effect 
(Warburg  1956 ). A more recent study performed in situ  13 C 
labeling with uniformly labeled  13 C glucose during surgery 
(Maher et al.  2012 ). Perchloric acid extracts from excised 
tumor specimens were then analyzed by high-resolution 
NMR spectroscopy. This study enrolled 11 patients with dif-
ferent types of tumors (including metastasis). Despite the 
variability in tumor type, the authors observed some common 
features in carbohydrate metabolism: (1) glucose is entering 
the TCA cycle indicating mitochondrial oxidation of glucose; 
(2) formation of glycine, glutamate, and glutamine from glu-
cose; (3) in tumor tissue, the TCA cycle oxidizes alternative 
carbon sources indicating anaplerosis probably due to a high 
demand for other cell metabolites. In summary, these data 
highlight the potential of  13 C MRS to provide tumor-specifi c 
biochemical information, but a noninvasive in vivo protocol 
for monitoring focal lesions is not available yet.  

2.2.2    Hyperpolarized  13 C MRS 
 With the development of methods to obtain strongly polarized 
spins in solution based on dynamic nuclear polarization 
(Ardenkjaer-Larsen et al.  2003 ), the signal intensity of  13 C 
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  Fig. 4    31P spectra of control ( upper trace ) and tumor ( lower trace ) 
tissue. The insert shows the extended region downfi eld of PCr, with 
the position of the Pi signal indicating intracellular pH.  x -axes show 
chemical shift in ppm;  y -axes show laboratory units       
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labeled substances are enhanced by the order of 10 5  allowing 
even molecular imaging with  13 C labeled compounds (Golman 
et al.  2003 ). However, it must be stressed that in all studies 
using hyperpolarized compounds, the magnetization (i.e., sig-
nal intensity) of the injected labeled substrate will decay with 
the T1 relaxation rate of the respective nucleus. On the one 
hand, this is posing the technical challenge to develop very 
fast MRSI while on the other hand it provides only a time 
window for labeling of metabolic products from the labeled 
substrate. In addition, not all metabolites can be hyperpolar-
ized with the same effi ciency. Pyruvate, which can be hyper-
polarized, is an ideal substrate for studies on cancer 
metabolism, since the signal from the C-1 carbon relaxes very 
slowly, and it is at the entry point to the TCA cycle. In particu-
lar, it can be either converted to lactate in glycolysis, which 
should be the dominant pathway according to the Warburg 
effect (Warburg  1956 ), or it can enter the TCA cycle via ace-
tyl-CoA and oxaloacetate as it is the standard pathway in regu-
lar brain tissue (see above). Consequently, one of the fi rst 
applications using hyperpolarized  13 C compounds was moni-
toring the fate of  13 C-pyruvate in animal tumor models 
(Golman et al.  2006 ; Day et al.  2007 ; Albers et al.  2008 ). 
Brindle et al. summarized in a review article the unique poten-
tial of this new method including methodological challenges 
and constraints (Brindle et al.  2011 ). This article also provides 
a list of  13 C labeled compounds which can be hyperpolarized 
and used to address specifi c questions in cancer research. 

 Although huge efforts in this fi eld are still engaged in 
developing and optimizing methods for data acquisition and 
data evaluation, the fi rst results on animal models are quite 
promising. While the initial publications rather report the 
feasibility of imaging tumor lactate concentrations based on 
the conversion of  13 C labeled pyruvate to lactate (Golman 
et al.  2006 ; Day et al.  2007 ; Albers et al.  2008 ), other sub-
strates like [1,4- 13 C2]fumarate (Witney et al.  2010 ), [1- 13 C]
glutamate (Gallagher et al.  2011a ), or [5- 13 C 1 ]glutamine 
(Gallagher et al.  2008a ) were also tested. Whereas these 
compounds are directed to monitor carbohydrate metabo-
lism, the application of  13 C-labeled hyperpolarized bicarbon-
ate provides a tool for measuring extracellular tumor pH 
(Gallagher et al.  2008b ). Endogenous bicarbonate resulting 
from oxidation of  13 C labeled hyperpolarized pyruvate can 
also indicate tissue pH, but it may rather indicate the intra-
cellular pH value (Gallagher et al.  2011b ). 

 Park et al. performed the fi rst applications in brain tumors 
by using hyperpolarized [1- 13 C] pyruvate in rat glioma mod-
els (Park et al.  2010 ,  2012 ,  2013 ). As expected, lactate for-
mation is signifi cantly increased in tumor tissue compared to 
the contralateral hemisphere. Tumor models from different 
cell lines also showed differences in labeling, which were 
consistent with the inherent molecular characteristics (Park 
et al.  2010 ). Dynamic MRS data monitoring the time course 
of lactate labeling after bolus injection were used to charac-

terize the kinetics of the conversion of pyruvate to lactate in 
the C6 rat glioma model (Park et al.  2012 ). According to the 
data, conversion rates may be a better marker than the lac-
tate/pyruvate ration for differentiating between tumor and 
normal brain. Finally, the authors report on a dichloroacetate 
treatment study of the same tumor model (Park et al.  2013 ). 
The aim of this study was to determine the fl ux of the  13 C 
label from pyruvate via pyruvatedehydrogenase (PDH) to 
acetyl-CoA by monitoring bicarbonate labeling due to CO 2  
production in the TCA cycle. In accordance with the Warburg 
effect (Warburg  1956 ), tumor tissue is characterized by 
decreased bicarbonate compared to normal tissue. 
Administering dichloroacetate, which activates PDH, causes 
a further increase of bicarbonate not only in the normal tis-
sue but also in the tumor-bearing hemisphere. These experi-
ments clearly show the potential of  13 C labeled hyperpolarized 
pyruvate to detect shifts in energy metabolism between gly-
colytic and oxidative pathways. 

 The safety and feasibility of the method for applications 
in humans was demonstrated in a study on 31 patients with 
prostate cancer (Nelson et al.  2013 ). No toxicities were 
observed at doses suffi cient to detect the increased [1- 13 C]
lactate/[1- 13 C]pyruvate ratio in the tumor in vivo.  

 Prostate cancer was also the focus of a recent review arti-
cle on the use of hyperpolarized  13 C MRS for molecular 
imaging (Wilson and Kurhanewicz  2014 ). 

 Most of the biochemical rationales and arguments herein 
can be adapted to human brain tumor. Especially, working on 
the methodological challenges (i.e., improved fast MRSI 
sequences, miniaturization and optimization of the device for 
hyperpolarization, development of other substrates) are pivotal 
for transferring this promising technique into a clinical tool.       

   References 

     Albers MJ, Bok R, Chen AP, Cunningham CH, Zierhut ML, Zhang VY, 
Kohler SJ, Tropp J, Hurd RE, Yen Y-F, Nelson SJ, Vigneron DB, 
Kurhanewicz J (2008) Hyperpolarized 13C lactate, pyruvate, and 
alanine: noninvasive biomarkers for prostate cancer detection and 
grading. Cancer Res 68:8607–8615  

    Andronesi OC, Kim GS, Gerstner E, Batchelor T, Tzika AA, Fantin VR, 
Vander Heiden MG, Sorensen AG (2012) Detection of 
2- hydroxyglutarate in IDH-mutated glioma patients by in vivo 
spectral- editing and 2D correlation magnetic resonance spectros-
copy. Sci Transl Med 4:116ra4  

    Andronesi OC, Rapalino O, Gerstner E, Chi A, Batchelor TT, Cahill 
DP, Sorensen AG, Rosen BR (2013) Detection of oncogenic IDH1 
mutations using magnetic resonance spectroscopy of 
2- hydroxyglutarate. J Clin Invest 123:3659–3663  

     Ardenkjaer-Larsen JH, Fridlund B, Gram A, Hansson G, Hansson L, 
Lerche MH, Servin R, Thaning M, Golman K (2003) Increase in 
signal-to-noise ratio of >10,000 times in liquid-state NMR. Proc 
Natl Acad Sci U S A 100:10158–10163  

    Brindle KM, Bohndiek SE, Gallagher FA, Kettunen MI (2011) Tumor 
imaging using hyperpolarized 13C magnetic resonance spectros-
copy. Magn Reson Med 66:505–519  

U. Pilatus and E. Hattingen



161

    Choi C, Ganji SK, DeBerardinis RJ, Dimitrov IE, Pascual JM, Bachoo 
R, Mickey BE, Malloy CR, Maher EA (2011) Measurement of gly-
cine in the human brain in vivo by 1H-MRS at 3T: application in 
brain tumors. Magn Reson Med 66:609–618  

    Choi C, Ganji SK, DeBerardinis RJ, Hatanpaa KJ, Rakheja D, Kovacs 
Z, Yang X-L, Mashimo T, Raisanen JM, Marin-Valencia I, Pascual 
JM, Madden CJ, Mickey BE, Malloy CR, Bachoo RM, Maher EA 
(2012) 2-hydroxyglutarate detection by magnetic resonance spec-
troscopy in IDH-mutated patients with gliomas. Nat Med 
18:624–629  

    Davies NP, Wilson M, Natarajan K, Sun Y, MacPherson L, Brundler 
M-A, Arvanitis TN, Grundy RG, Peet AC (2010) Non-invasive 
detection of glycine as a biomarker of malignancy in childhood 
brain tumours using in-vivo 1H MRS at 1.5 tesla confi rmed by ex- 
vivo high-resolution magic-angle spinning NMR. NMR Biomed 
23:80–87  

     Day SE, Kettunen MI, Gallagher FA, Hu D-E, Lerche M, Wolber J, 
Golman K, Ardenkjaer-Larsen JH, Brindle KM (2007) Detecting 
tumor response to treatment using hyperpolarized 13C magnetic 
resonance imaging and spectroscopy. Nat Med 13:1382–1387  

    de Graaf R, Mason G, Patel A, Behar K, Rothman D (2003) In vivo 
1H-[13C]-NMR spectroscopy of cerebral metabolism. NMR 
Biomed 16:339–357  

    Esmaeili M, Hamans BC, Navis AC, van Horssen R, Bathen TF, 
Gribbestad IS, Leenders WP, Heerschap A (2014) IDH1 R132H 
mutation generates a distinct phospholipid metabolite profi le in 
glioma. Cancer Res 74:4898–4907  

    Gallagher FA, Kettunen MI, Day SE, Lerche M, Brindle KM (2008a) 
13C MR spectroscopy measurements of glutaminase activity in 
human hepatocellular carcinoma cells using hyperpolarized 
13C-labeled glutamine. Magn Reson Med 60:253–257  

    Gallagher FA, Kettunen MI, Day SE, Hu D-E, Ardenkjaer-Larsen JH, 
Zandt RI, Jensen PR, Karlsson M, Golman K, Lerche MH, Brindle 
KM (2008b) Magnetic resonance imaging of pH in vivo using 
hyperpolarized 13C-labelled bicarbonate. Nature 453:940–943  

    Gallagher FA, Kettunen MI, Day SE, Hu D, Karlsson M, Gisselsson A, 
Lerche MH, Brindle KM (2011a) Detection of tumor glutamate 
metabolism in vivo using (13)C magnetic resonance spectroscopy 
and hyperpolarized [1-(13)C]glutamate. Magn Reson Med 
66:18–23  

    Gallagher FA, Kettunen MI, Brindle KM (2011b) Imaging pH with 
hyperpolarized 13C. NMR Biomed 24:1006–1015  

    Golman K, Ardenkjaer-Larsen JH, Petersson JS, Mansson S, Leunbach 
I (2003) Molecular imaging with endogenous substances. Proc Natl 
Acad Sci U S A 100:10435–10439  

     Golman K, Zandt RI, Lerche M, Pehrson R, Ardenkjaer-Larsen JH (2006) 
Metabolic imaging by hyperpolarized 13C magnetic resonance imag-
ing for in vivo tumor diagnosis. Cancer Res 66:10855–10860  

    Govindaraju V, Basus V, Matson G, Maudsley A (1998) Measurement 
of chemical shifts and coupling constants for glutamate and gluta-
mine. Magn Reson Med 39:1011–1013  

    Hattingen E, Lanfermann H, Quick J, Franz K, Zanella FE, Pilatus U 
(2009) (1)H MR spectroscopic imaging with short and long echo 
time to discriminate glycine in glial tumours. MAGMA 22:33–41  

      Hattingen E, Jurcoane A, Bähr O, Rieger J, Magerkurth J, Anti S, 
Steinbach JP, Pilatus U (2011) Bevacizumab impairs oxidative 
energy metabolism and shows antitumoral effects in recurrent glio-
blastomas: a 31P/1H MRSI and quantitative magnetic resonance 
imaging study. Neuro Oncol 13(12):1349–1363  

    Hattingen E, Bähr O, Rieger J, Blasel S, Steinbach J, Pilatus U (2013) 
Phospholipid metabolites in recurrent glioblastoma: in vivo markers 
detect different tumor phenotypes before and under antiangiogenic 
therapy. PLoS One 8:e56439  

    Hubesch B, Sappey-Marinier D, Roth K, Meyerhoff DJ, Matson GB, 
Weiner MW (1990) P-31 MR spectroscopy of normal human brain 
and brain tumors. Radiology 174:401–409  

    Maher EA, Marin-Valencia I, Bachoo RM, Mashimo T, Raisanen J, 
Hatanpaa KJ, Jindal A, Jeffrey FM, Choi C, Madden C, Mathews D, 
Pascual JM, Mickey BE, Malloy CR, DeBerardinis RJ (2012) 
Metabolism of [U-13 C]glucose in human brain tumors in vivo. 
NMR Biomed 25:1234–1244  

    Maintz D, Heindel W, Kugel H, Jaeger R, Lackner KJ (2002) 
Phosphorus-31 MR spectroscopy of normal adult human brain and 
brain tumours. NMR Biomed 15:18–27  

    Maudsley AA, Gupta RK, Stoyanova R, Parra NA, Roy B, Sheriff S, 
Hussain N, Behari S (2014) Mapping of glycine distributions in 
gliomas. AJNR Am J Neuroradiol 35(6 Suppl):S31–S36  

     Negendank W (1992) Studies of human tumors by MRS: a review. 
NMR Biomed 5:303–324  

    Nelson SJ, Kurhanewicz J, Vigneron DB, Larson PEZ, Harzstark AL, 
Ferrone M, van Criekinge M, Chang JW, Bok R, Park I, Reed G, 
Carvajal L, Small EJ, Munster P, Weinberg VK, Ardenkjaer-Larsen 
JH, Chen AP, Hurd RE, Odegardstuen L-I, Robb FJ, Tropp J, 
Murray JA (2013) Metabolic imaging of patients with prostate can-
cer using hyperpolarized [1- 13 C]pyruvate. Sci Transl Med 
5:198ra108  

     Park I, Larson PEZ, Zierhut ML, Hu S, Bok R, Ozawa T, Kurhanewicz 
J, Vigneron DB, Vandenberg SR, James CD, Nelson SJ (2010) 
Hyperpolarized 13C magnetic resonance metabolic imaging: appli-
cation to brain tumors. Neuro Oncol 12:133–144  

     Park JM, Josan S, Jang T, Merchant M, Yen Y-F, Hurd RE, Recht L, 
Spielman DM, Mayer D (2012) Metabolite kinetics in C6 rat glioma 
model using magnetic resonance spectroscopic imaging of hyperpo-
larized [1-(13) C]pyruvate. Magn Reson Med 68(6):1886–1893  

     Park JM, Recht LD, Josan S, Merchant M, Jang T, Yen Y-F, Hurd RE, 
Spielman DM, Mayer D (2013) Metabolic response of glioma to 
dichloroacetate measured in vivo by hyperpolarized (13)C magnetic 
resonance spectroscopic imaging. Neuro Oncol 15:433–441  

    Pope WB, Prins RM, Albert Thomas M, Nagarajan R, Yen KE, Bittinger 
MA, Salamon N, Chou AP, Yong WH, Soto H, Wilson N, Driggers 
E, Jang HG, Su SM, Schenkein DP, Lai A, Cloughesy TF, Kornblum 
HI, Wu H, Fantin VR, Liau LM (2012) Non-invasive detection of 
2-hydroxyglutarate and other metabolites in IDH1 mutant glioma 
patients using magnetic resonance spectroscopy. J Neurooncol 
107:197–205  

    Prichard JW, Alger JR, Behar KL, Petroff OA, Shulman RG (1983) 
Cerebral metabolic studies in vivo by 31P NMR. Proc Natl Acad Sci 
U S A 80:2748–2751  

   Ross B, Lin A, Harris K, Bhattacharya P, Schweinsburg B (2003) 
Clinical experience with 13C MRS in vivo. NMR Biomed 
16:358–369  

    Rutter A, Hugenholtz H, Saunders JK, Smith IC (1995) One- 
dimensional phosphorus-31 chemical shift imaging of human brain 
tumors. Invest Radiol 30:359–366  

    Stubbs M, Bhujwalla ZM, Tozer GM, Rodrigues LM, Maxwell RJ, 
Morgan R, Howe FA, Griffi ths JR (1992) An assessment of 31P 
MRS as a method of measuring pH in rat tumours. NMR Biomed 
5:351–359  

    Stubbs M, Rodrigues L, Howe FA, Wang J, Jeong KS, Veech RL, 
Griffi ths JR (1994) Metabolic consequences of a reversed pH gradi-
ent in rat tumors. Cancer Res 54:4011–4016  

      Warburg O (1956) On the origin of cancer cells. Science 123:309–314  
    Wijnen JP, Van der Graaf M, Scheenen TWJ, Klomp DWJ, de Galan 

BE, Idema AJS, Heerschap A (2010) In vivo 13C magnetic reso-
nance spectroscopy of a human brain tumor after application of 
13C-1-enriched glucose. Magn Reson Imaging 28:690–697  

    Wilson DM, Kurhanewicz J (2014) Hyperpolarized 13C MR for molec-
ular imaging of prostate cancer. J Nucl Med 55:1567–1572  

    Witney TH, Kettunen MI, Hu DE, Gallagher FA, Bohndiek SE, Napolitano 
R, Brindle KM (2010) Detecting treatment response in a model of 
human breast adenocarcinoma using hyperpolarised [1-13C]pyruvate 
and [1,4-13C2]fumarate. Br J Cancer 103:1400–1406    

Future Methods in Tumor Imaging


	Contents
	Contributors
	Brain Tumor Imaging
	1	 Introduction
	1.1	 Overview

	2	 Clinical Management
	3	 Glial Tumors
	3.1	 Focal Glial and Glioneuronal Tumors Versus Diffuse Gliomas
	3.2	 Low-Grade Versus High-Grade Gliomas
	3.3	 Astrocytomas Versus Oligodendroglial Tumors
	3.4	 Low-Grade Glioma (WHO Grade II)
	3.4.1	 Diffuse Astrocytoma (WHO Grade II)
	3.4.2	 Oligodendroglioma and Oligoastrocytoma (WHO Grade II)

	3.5	 Anaplastic Glioma (WHO Grade III)
	3.5.1	 Anaplastic Astrocytoma (WHO Grade III)
	3.5.2	 Anaplastic Oligodendroglioma and Oligoastrocytoma
	3.5.3	 Gliomatosis Cerebri

	3.6	 Glioblastoma (WHO Grade IV)

	4	 Primary CNS Lymphomas
	5	 Metastatic Tumors of the CNS
	References

	MR Imaging of Brain Tumors
	1	 Introduction
	2	 Brain Tumors in Adults
	2.1	 Questions to the Radiologist
	2.2	 Tumor Localization
	2.3	 Tumor Malignancy
	2.4	 Tumor Monitoring
	2.5	 Imaging Protocol
	Computer Tomography

	2.6	 Case Illustrations

	3	 Pediatric Brain Tumors
	3.1	 Standard MRI
	3.2	 Differential Diagnosis of Common Pediatric Brain Tumors
	3.3	 Early Postoperative Imaging
	3.4	 Meningeal Dissemination
	3.5	 Follow-Up Examinations

	References

	MR Spectroscopic Imaging
	1	 Methods
	1.1	 Introduction to MRS
	1.2	 Summary of Spectroscopic Imaging Techniques Applied in Tumor Diagnostics
	1.3	 Partial Volume Effects Due to Low Resolution
	1.4	 Evaluation of Metabolite Concentrations
	1.5	 Artifacts in Metabolite Maps

	2	 Tumor Metabolism
	3	 Tumor Grading and Heterogeneity
	3.1	 Some Aspects of Differential Diagnosis
	3.1.1	 Using Sophisticated Analysis Schemes and/or Pattern Recognition Techniques


	4	 Prognostic Markers
	5	 Treatment Monitoring
	References

	MR Perfusion Imaging
	1	 Key Points
	2	 Methods
	2.1	 Exogenous Tracer Methods
	2.1.1	 Dynamic Susceptibility Contrast MRI
	2.1.2	 Dynamic Contrast-Enhanced MRI

	2.2	 Endogenous Tracer Methods: Arterial Spin Labeling

	3	 Clinical Application
	3.1	 General Aspects
	3.2	 Pathophysiological Background: Neovascularization in Brain Tumors
	3.3	 Differential Diagnosis of Tumors
	3.4	 Tumor Grading and Prognosis
	3.5	 Guidance for Biopsy and Radiation Therapy Planning
	3.6	 Treatment Monitoring

	References

	Diffusion-Weighted Methods
	1	 Methods
	2	 Microstructural Changes
	3	 Tumor Grading, Typing, and Heterogeneity
	4	 Prognostic Marker
	5	 Treatment Monitoring
	 Conclusion
	References

	Advanced MR Methods in Differential Diagnosis of Brain Tumors
	1	 MR Relaxometry Techniques
	2	 Transverse Relaxation Time T2
	3	 Effective Transverse Relaxation Time T2* and Susceptibility-Weighted Imaging (SWI)
	4	 Longitudinal Relaxation Time T1
	5	 Chemical Exchange Saturation Transfer (CEST)
	6	 Cest Method
	7	 CEST Imaging in Brain Tumors
	References

	PET Imaging of Brain Tumors
	1	 Introduction
	2	 Methods
	2.1	 18F-2-Fluoro-2-Deoxy-d-Glucose
	2.2	 Radiolabeled Amino Acids
	2.3	 Radiolabeled Nucleoside Analogs
	2.4	 Imaging of Hypoxia
	2.5	 Imaging Angiogenesis
	2.6	 Somatostatin Receptors
	2.7	 Radiolabeled Choline

	3	 Delineation of Tumor Extent, Biopsy Guidance, and Treatment Planning
	4	 Tumor Grading and Prognosis
	5	 Treatment Monitoring
	6	 The Diagnosis of Tumor Recurrence/Progression
	7	 PET in Patients with Brain Metastasis
	8	 Imaging of Brain Tumors in Children
	9	 Perspectives
	References

	Advanced Imaging Modalities and Treatment of Gliomas: Radiation Therapy
	1	 Treatment of Gliomas and Radiation Therapy Techniques
	2	 Modern Methods and Strategies
	2.1	 Whole Brain Radiation Therapy (WBRT) Versus Involved Field Radiation Therapy (IFRT)
	2.2	 3D Conformal Radiation Therapy
	2.3	 Intensity-Modulated Radiotherapy (IMRT)
	2.4	 Stereotactic Radiosurgery (SRS) and Radiotherapy
	2.5	 Interstitial Brachytherapy
	2.6	 Dose Prescription
	2.7	 Particle Radiation Therapy

	3	 Role of Imaging and Treatment Planning
	3.1	 Computed Tomography (CT)
	3.2	 Magnetic Resonance Imaging (MRI)
	3.3	 Positron Emission Tomography (PET)
	3.4	 Image-Guided Radiation Therapy (IGRT)
	3.5	 Recurrence and Re-irradiation

	4	 Prognosis
	 Conclusion
	References

	Advanced Imaging Modalities and Treatment of Gliomas: Neurosurgery
	1	 Why Is Advanced Imaging Indispensable for Modern Glioma Surgery?
	2	 Preoperative Imaging Strategies
	2.1	 What Is the Surgical Target in Low-­Grade Gliomas?
	2.2	 The Role of Modern Imaging in Indicating Surgery in Low-Grade Gliomas
	2.3	 What Is the Surgical Target in ­High-­Grade Gliomas?
	2.4	 Preoperative Imaging of Function and Functional Anatomy
	2.4.1	 Imaging of Functional Cortex
	2.4.2	 Imaging of Subcortical Tracts


	3	 Intraoperative Allocation of Relevant Anatomy
	 Conclusions
	References

	Future Methods in Tumor Imaging
	1	 Special Editing Methods in 1H MRS
	1.1	 Measuring Glycine
	1.2	 Measuring 2-hydroxyglutarate

	2	 Other Nuclei
	2.1	 31P MRS
	2.1.1	 Spatial Resolution
	2.1.2	 Measuring pH
	2.1.3	 Measuring Lipid Metabolism
	2.1.4	 Energy Metabolism

	2.2	 13C MRS
	2.2.1	 Conventional 13C MRS
	2.2.2	 Hyperpolarized 13C MRS


	References




