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Abstract

Accurate differentiation of tumor progression and treatment-induced changes is 
the key to treatment decision in brain tumors. Several new tracer options are 
promising, of which [11C]-methyl-L-methionine (MET) and O-(2-[18F]-
fluoroethyl)-L-tyrosine (FET) positron emission tomography (PET) are the most 
used. This chapter provides a clinical overview of important issues of treatment 
evaluation in primary brain tumors and brain metastases. The role and dilemmas 
in neuroimaging, including magnetic resonance imaging (MRI) and PET, are 
discussed. An overview is given of the role of MRI and PET in brain tumor fol-
low-up with special focus on available literature in the role of amino acid PET to 
differentiate between tumor progression and treatment-induced changes.

41.1	 �Introduction

Malignant brain tumors are relatively uncommon tumors in adults, making up less 
than 2% of all cancer cases (DeAngelis 2001; Miranda-Filho et al. 2017). The two 
major groups are a heterogeneous group of primary brain tumors and cerebral 
metastases from systemic cancer, with the latter being more common (DeAngelis 
2001). Brain tumors are responsible for a significant loss of healthy life years and 
impaired quality of life. Treatment is often aggressive trying to improve this out-
come. During and after treatment, patients are monitored with imaging to assess 
treatment response and to decide whether the current treatment should be contin-
ued or not.

41.1.1	 �Primary Brain Tumors

Primary intra-axial brain tumors are most commonly gliomas (in approximately 
80% of the cases), with the majority being grade IV glioblastoma (Ostrom et al. 
2019). Less frequent intra-axial primary brain tumors are lymphomas (6% of cases) 
and embryonal tumors (in about 3%) (Ostrom et al. 2019; Louis et al. 2016). In this 
chapter, we focus on gliomas.

To determine the tumor grade of gliomas, historically, the WHO grading system 
is used, representing a malignancy scale varying from I to IV. Grade I lesions are 
regarded as benign tumors due to their low proliferative potential and curative intent 
of surgical resection alone. Grade II tumors represent low-grade tumors, and grade 
III and IV tumors are high-grade tumors, often associated with rapid disease evolu-
tion and a dismal survival.
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Recently, the WHO grading system for brain tumors has been revised. Genetic 
and molecular markers have now become integral to the grading (Louis et al. 2016). 
Survival has been shown to be greatly dependent upon these molecular markers 
(Rogers et al. 2018; Bell et al. 2018; Binabaj et al. 2018). Diffuse gliomas, being 
astrocytomas and oligodendrogliomas, are defined based on their molecular profile. 
Currently, the most important molecular markers are mutations in the isocitrate 
dehydrogenase (IDH) genes, most often IDH-1 and sometimes IDH-2. They are 
associated with a better prognosis in lower-grade gliomas or secondary glioblasto-
mas (Rogers et  al. 2018). Low-grade gliomas are diffusely infiltrating and slow-
growing. Low-grade astrocytomas are currently defined as IDH-1- or IDH-2-mutated 
tumors without a 1p/19q co-deletion (Louis et al. 2016). Oligodendrogliomas are 
both IDH-mutant and 1p/19q-co-deleted (Louis et al. 2016).

High-grade gliomas usually lack the aforementioned IDH mutations. Another 
important prognostic marker for high-grade gliomas is O6-methylguanine methyl-
transferase (MGMT) gene methylation status. Patients with an MGMT-methylated 
tumor are more susceptible to alkalizing chemotherapy such as temozolomide and 
thus have a better survival (Bell et al. 2018; Binabaj et al. 2018).

Patients with IDH-mutant grade II tumors or co-deleted gliomas have a median 
survival of 10+ years, and patients with a non-co-deleted WHO grade III tumor have 
a median survival of 5 years (van den Bent et al. 2017), in contrast with patients with 
IDH wild-type grade IV tumors with a median survival of 1 year. Unfortunately, high-
grade gliomas account for over 70% of newly diagnosed gliomas (Ostrom et al. 2019).

Peak incidence of low-grade gliomas occurs in patients aged between 35 and 45 
years (Weller et al. 2017). It is assumed that all low-grade gliomas will transform 
into high-grade gliomas. Current clinical practice of low-grade gliomas recom-
mends early surgical resection when safely possible. This is followed by both radio-
therapy and chemotherapy or a wait-and-scan policy. The latter is usually chosen in 
completely resected young patients (Weller et al. 2017).

Patients with glioblastoma have a median age of onset of approximately 60 years. 
Prognosis of patients with high-grade gliomas has remained poor for the last 
decades. Glioblastomas, as all gliomas, are infiltrating in nature, often involving 
eloquent structures, and extend beyond visual borders on imaging, making com-
plete resection without unacceptable damage impossible (Boonzaier et  al. 2017; 
Yan et  al. 2019). Nevertheless, surgery remains the cornerstone in glioblastoma 
treatment. Patients with high-grade gliomas benefit from a greater extent of resec-
tion in terms of survival (Sanai and Berger 2008; Yan et al. 2017). The standard 
adjuvant treatment in patients in good general and neurological condition, aged up 
to 70 years, is 60 Gy radiotherapy with concomitant temozolomide chemotherapy 
followed by a six-course regimen of maintenance temozolomide chemotherapy 
(Stupp et al. 2005). Recurrence, however, is inevitable due to the inability of radical 
resection and subsequent resistance to chemoradiation therapy. Currently the 
median survival after standard treatment of chemoradiation is 14.9 months, with the 
biggest gain for patients with a methylated MGMT tumor (Stupp et al. 2005). A lack 
of standard of care for patients with recurrent glioblastoma further contributes to the 
poor prognosis for these patients.
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41.1.2	 �Brain Metastases

In adults, brain metastases are by far the most common cause of intracranial neo-
plasms. Brain metastases occur in approximately 20% of the patients with systemic 
cancer (Achrol et al. 2019). The incidence of brain metastases has increased over 
the years due to therapeutic advances for patients with metastatic cancer that are 
associated with prolonged survival.

Brain metastases originate most commonly, in order of cumulative incidence, 
from lung, breast, and skin (melanoma) cancers (Tabouret et al. 2012). Although the 
highest numbers of brain metastases arise from the lung, melanoma has the highest 
propensity to metastasize to the brain (Tabouret et al. 2012).

The distribution of brain metastases correlates with blood flow and tissue vol-
ume, with 80% detected in the cerebral hemispheres, 15% in the cerebellum, and 
5% in the brain stem (Delattre et al. 1988). Often, brain metastases are asymptom-
atic and are seen on staging brain scans. Most patients (80%) present with multiple 
brain metastases, and only a minority of patients (10–20%) have a solitary metasta-
sis (Tabouret et al. 2012).

Therapeutic approaches for brain metastases are resection, radiotherapy, and sys-
temic treatment, including immunotherapy (Hardesty and Nakaji 2016; Soffietti 
et  al. 2017; Chen et  al. 2018). Radiotherapy options can be differentiated into 
whole-brain radiation therapy (WBRT), which is used less frequently in recent 
years, and stereotactic radiotherapy (SRT), the primary choice if possible.

41.2	 �Imaging: Role and Dilemma

Neuroimaging is essential in the follow-up and treatment evaluation in brain tumors. 
Regular follow-up through neuroimaging aids clinical decision-making (Dhermain 
et al. 2010). Treatment is continued in patients responsive to treatment. For patient 
unresponsive to treatment, the treatment should be stopped. However, (beneficial) 
treatment reaction may appear similar to recurrent disease on conventional imaging, 
greatly complicating treatment decisions.

41.2.1	 �Role of Magnetic Resonance Imaging

41.2.1.1	 �Conventional MRI
Magnetic resonance imaging (MRI) is the gold standard for treatment response 
imaging due to its high spatial resolution, allowing detailed visualization of lesions 
in relation to brain anatomy. Low-grade gliomas (>90%) usually demonstrate no or 
limited contrast enhancement on T1-weighted imaging after gadolinium adminis-
tration and are best evaluated on fluid-attenuated inversion recovery (FLAIR) and 
T2-weighted MRI; on the contrary, high-grade gliomas usually have contrast 
enhancement and are surrounded by extensive vasogenic edema (Dhermain et al. 
2010). Brain metastases usually present as contrast-enhancing lesion on T1-weighted 
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MRI with peritumoral edema visualized on FLAIR/T2-weighted MRI. Microlesions 
<5 mm can already be detected with the current 1.5 and 3.0 T MRI scanners.

41.2.1.2	 �Advanced MRI
The rationale behind advanced MRI sequences is a better visualization of biological 
processes (Dhermain et al. 2010; van Dijken et al. 2017). The increased cellularity 
of brain tumors causes impaired diffusivity of water molecules, which is detectable 
by diffusion-weighted imaging. Tissue perfusion is measurable with perfusion-
weighted imaging through means of detectable cerebral blood flow and volume 
parameters (van Dijken et  al. 2019). Neovascularization, which is a hallmark of 
neoplasms, generally causes a measurable increase in blood flow and volume on 
perfusion-weighted imaging. Finally, concentrations of specific metabolites can be 
calculated with MR spectroscopy. Detectable metabolites include N-acetylaspartate 
(NAA), a marker of neuronal viability and thus intact brain tissue, choline which 
marks increased cellular proliferation, and lactate which demonstrates anaerobic 
metabolism and cell death. Increases in choline and lactate with simultaneous 
decrease in NAA are suggestive of tumor.

41.2.2	 �Role of Positron Emission Tomography

Positron emission tomography (PET) has recently been recommended by the 
Response Assessment in Neuro-oncology (RANO) working group to be of added 
value in oncological neuroimaging, thereby complementing MRI (Albert et  al. 
2016; Langen et al. 2017; Galldiks et al. 2019; Law et al. 2019).

41.2.2.1	 �FDG PET
[18F]-2-fluoro-2-deoxy-D-glucose (FDG) is glucose-based and to date remains the 
most widely employed tracer in oncology based on an increased glucose consump-
tion of tumors. Despite the fact that FDG is the most available tracer worldwide, its 
use in oncological neuroimaging is limited due to the relatively high physiological 
glucose metabolism of normal brain tissue (Fig. 41.1).

41.2.2.2	 �Amino Acid PET
Cellular proliferation associated with malignant tumors activates increased protein 
synthesis. Amino acids function as essential compounds of proteins, and thus amino 
acid transport and protein synthesis are vastly increased in malignant proliferating 
cells and higher compared to normal healthy tissue. Radiolabeled amino acids and 
amino acid analogs have different metabolic fates depending on their chemical 
structures (van Waarde and Elsinga 2008). Amino acid tracers are predominantly 
based on L-type amino acid transporters (LAT), LAT-1 and LAT-2. The most fre-
quently used radiolabeled amino acids are [11C]-methyl-L-methionine (MET) 
(Figs. 41.2 and 41.3), O-(2-[18F]-fluoroethyl)-L-tyrosine (FET), and 3,4-dihydroxy-6-
[18F]-fluoro-L-phenylalanine (FDOPA) (Fig.  41.4) (Glaudemans et  al. 2013; de 
Zwart et al. 2019).
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FDGFDG+MRIT1 + c

a b c

Fig. 41.1  Treatment follow-up with FDG PET in a patient with multiple brain metastases. A 
62-year-old female patient with multiple brain metastases of a small cell lung cancer. Gadolinium-
enhanced MRI (a) was performed after WBRT and demonstrated multiple contrast-enhancing 
lesions, with two larger lesions frontally on the left side (white circle) and several smaller lesions 
(white arrows). FDG PET (b, c) demonstrated high physiological uptake throughout the brain but 
failed to clearly localize most contrast-enhancing MRI lesions as demonstrated by the white arrows 
on co-registration of FDG PET images with MRI (b). This case demonstrates the lack of diagnostic 
sensitivity of FDG PET for treatment response evaluation in brain tumors

a b c

METMET+MRIT1 + c

Fig. 41.2  Example of MET PET follow-up in a patient with an anaplastic astrocytoma. Case of a 
49-year-old patient with an anaplastic astrocytoma (WHO grade III) after treatment with surgical 
resection followed by radiotherapy and temozolomide chemotherapy. One year after surgery, fol-
low-up gadolinium-enhanced MRI (a) showed new contrast enhancement (white arrow). The dif-
ferentiation between tumor progression and radionecrosis could not be made, and MET PET was 
performed (b, c). MET PET (c) demonstrated high tracer uptake (white arrow) suggestive of tumor 
progression. Co-registration of MET PET images with MRI (b) shows good agreement of the 
contrast-enhancing lesion and increased tracer uptake
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MET+MRIT1 + c

a b

Fig. 41.3  Example of MET PET follow-up in a patient with a brain metastasis. Case of a 54-year-
old male with right frontal solitary brain metastasis from a fibrosarcoma. The patient was treated 
with surgical resection and stereotactic radiosurgery. After treatment, follow-up gadolinium-
enhanced MRI showed a new contrast-enhancing lesion (white arrow). MET PET was performed 
which did not demonstrate increased tracer uptake at the lesion site. The contrast enhancement was 
in this case shown to be due to treatment-induced changes

FDOPAFDOPA +MRIT1 + c

a b c

Fig. 41.4  Example of FDOPA PET follow-up in a patient with a glioblastoma. Follow-up imag-
ing of a 26-year-old female glioblastoma patient, after surgical resection and chemoradiotherapy. 
Gadolinium-enhanced T1-weighted MRI (left image) 5 months after surgery was suggestive of 
tumor progression (white arrow). FDOPA PET was performed for other reasons (middle and right 
images) and demonstrated increased uptake (white arrows), also suggesting tumor progression. 
Co-registration of FDOPA PET and MRI (middle image) showed increased uptake at the site of 
enhancement on MRI. Subsequent follow-up MRI later showed further growth, confirming this 
case of tumor progression. The patient deceased within a year after the FDOPA PET scan

41  The Value of Positron Emission Tomography for Differentiating Brain …



1074

Physiological uptake of amino acid tracers in the brain is generally low, depend-
ing on anatomical region and age (Coope et al. 2007; Nagata et al. 2011). The high 
tumor uptake in combination with low background uptake is associated with 
straightforward visual assessment of amino acid PET tracers (Glaudemans et  al. 
2013). Therefore, the tumor detection rate and tumor delineation are thought to be 
better compared to FDG (Albert et  al. 2016; Langen et  al. 2017; Galldiks et  al. 
2019; de Zwart et al. 2019). Images can be interpreted visually or quantitatively. 
The most often used calculation method is the tumor-to-normal background ratio 
(T/N ratio) that compares tumor uptake to physiological uptake in the contralateral 
hemisphere. Uptake may also be defined by the standardized uptake value (SUV), a 
unit normalized to injected tracer dose per kilogram of body weight.

41.2.2.3	 �Other PET Tracers
In addition to amino acid PET tracers, other tracers have also been advanced. These 
tracers are markers of cell proliferation, such as 3′-deoxy-3′-[18F]-fluorothymidine 
(FLT), or of the synthesis of membrane phospholipids, such as [11C]-choline or 
[18F]-fluorocholine (de Zwart et al. 2019). Both processes displayed by these tracers 
are active in brain tumors, thus leading to increased tracer uptake. However, these 
tracers are not capable of crossing an intact blood-brain barrier (BBB) (Galldiks 
et al. 2019). Although the BBB is usually disrupted in tumors, this is not always the 
case for the full extent of the tumor. To this end, only limited literature exists on 
these tracers. In this chapter, we will focus on amino acid PET only.

41.2.3	 �Dilemma of Treatment-Induced Changes

The extensive treatment regimen of malignant brain tumors, especially high-dose 
radiotherapy with or without concomitant chemotherapy, can produce adverse 
events. Damage to healthy brain tissue may lead to radiological suspicion of tumor 
progression (Fig. 41.3) which can even be accompanied by clinical symptoms indis-
tinguishable from tumor progression (Brandsma et al. 2008; Thust et al. 2018). It is 
important to timely identify the nature of the radiological changes. True progression 
is indicative of failing treatment, while treatment-induced changes in fact conform 
with a desired response to the given treatment.

These treatment-induced changes, often called pseudoprogression in literature, 
are resulting from blood-brain barrier dysfunction, vasodilation, and subsequent 
vasogenic edema due to damage from given radiotherapy with or without chemo-
therapy (Brandsma et al. 2008; Thust et al. 2018). Typically, these changes occur 
within 3  months after treatment and will ultimately stabilize or decrease in size 
(Brandsma et al. 2008). Therefore, early posttreatment progression should not auto-
matically lead to interruption of current treatment and start of second-line regimens. 
Delayed and longer-lasting effects, 6 months to several years after treatment, can 
sometimes also be seen and are then referred to as radiation necrosis. 
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Pseudoprogression and radiation necrosis are different clinical entities, although 
within the same pathological spectrum.

In high-grade gliomas, the incidence of treatment-induced changes is as high as 
36% (Abbasi et al. 2018). Advances in radiotherapy planning techniques enable a 
high conformal dose distribution around the target volume; however, radiation dose 
to healthy brain tissue is unavoidable due to the infiltrative behavior of gliomas. 
Furthermore, treatment-induced changes are more frequent in IDH wild-type and 
MGMT-methylated tumors (van Dijken et al. 2019).

The incidence of treatment-induced changes in brain metastases after hypo-
fractionated stereotactic radiotherapy (HFSRT) or stereotactic radiosurgery (SRS) 
is approximately 15% (Sneed et al. 2015), but some studies have suggested higher 
percentages (Donovan et al. 2019). Factors related to the development of radiation 
necrosis, especially after SRS, include dose, treated volume, and volume of the 
brain receiving a specific dose. An increase in the occurrence of treatment-induced 
changes is also expected with immunotherapy. The first studies have shown that 
immunotherapy alone or in addition to radiotherapy can lead to pseudoprogres-
sion and pose a new challenge for follow-up of brain metastases (Galldiks 
et al. 2020).

Conventional MRI cannot reliably differentiate between tumor recurrence and 
treatment-induced changes (van Dijken et  al. 2017). Both tumor progression 
(Figs. 41.2 and 41.4) and treatment-induced changes (Fig. 41.3) demonstrate con-
trast enhancement on T1-weighted MRI with surrounding FLAIR/T2 hyperintensi-
ties. Conventional MRI, to date still the gold standard for brain tumor treatment 
response imaging, reached a pooled sensitivity and specificity of 68% (95% CI 
51–81) and 77% (95% CI 45–93), respectively, for the detection of tumor progres-
sion in a recent meta-analysis for gliomas (van Dijken et al. 2017). Robust meta-
analyses similar to those for gliomas are currently lacking for MRI in brain 
metastases.

To assist the clinician in the problematic differentiation of tumor progression and 
treatment-induced changes, the RANO criteria for gliomas and for brain metastases 
have been established (Wen et al. 2010; Lin et al. 2015). According to the RANO 
criteria, progression on conventional imaging within 3 months after chemoradio-
therapy is only certain if there is new enhancement outside of the radiation field or 
after pathological confirmation (Wen et al. 2010). These criteria are similar for glio-
mas and metastases (Wen et al. 2010; Lin et al. 2015). However, in clinical practice, 
pathological confirmation is often not acquired in asymptomatic patients since this 
requires a neurosurgical intervention with a chance of morbidity. As a consequence, 
follow-up with imaging is usually chosen. However, this is time-consuming and can 
potentially expose a patient to a failing, but possibly toxic, treatment or delay the 
start of a second-line treatment. More advanced MRI sequences and PET tracers 
have therefore extensively been studied to overcome the limitations of conventional 
MRI (Dhermain et  al. 2010; van Dijken et  al. 2017, 2019; Langen et  al. 2017; 
Galldiks et al. 2019; de Zwart et al. 2019).
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41.3	 �Opportunities of Neuroimaging in Differentiating 
Tumor Progression and Treatment-Induced Changes

41.3.1	 �Advanced MRI

Advanced MRI sequences that have been studied for the aforementioned differen-
tiation include diffusion-weighted imaging, detecting changes in cellular density; 
perfusion-weighted imaging, visualizing increased blood flow and neovasculariza-
tion; and MR spectroscopy, an imaging technique capable of detecting changes in 
metabolites. All these advanced MRI techniques outperformed conventional 
MRI. Meta-analysis in high-grade gliomas showed a sensitivity and specificity for 
diffusion-weighted imaging of 71% (95% CI 60–80) and 86% (95% CI 76–92), 
respectively (van Dijken et  al. 2017). For perfusion-weighted imaging, this was 
87% (95% CI 82–91) and 86% (95% CI 77–91) (van Dijken et al. 2017). MR spec-
troscopy demonstrated the highest diagnostic accuracy with a sensitivity of 91% 
(95% CI 79–97) and specificity of 95% (95% CI 65–99) (van Dijken et al. 2017). As 
MR spectroscopy is time-consuming, with risk of movement artifacts, diffusion-
weighted imaging and perfusion-weighted imaging are most often used to aid in the 
differentiation of tumor progression from treatment-induced changes.

Studies on the diagnostic value of advanced MRI in brain metastases after treat-
ment are limited. Perfusion-weighted imaging and MR spectroscopy demonstrate 
the most promising results thus far (Chuang et al. 2016). Diagnostic accuracy seems 
to be in a similar good range as seen for gliomas. However, a drawback of MR spec-
troscopy is the relatively large voxel size, making differentiation of tumor progres-
sion from treatment-induced changes in smaller metastases difficult.

41.3.2	 �PET

The uptake of PET tracers is physiologically different in tumor progression and 
treatment-induced changes. In progressive tumors, the uptake is caused by active 
uptake of tracer in the tumor cells (Figs.  41.2 and 41.4). On the other hand, in 
treatment-induced changes, uptake is caused by passive diffusion across a disrupted 
BBB (Fig. 41.3). Theoretically, the uptake in tumor cells should thus exceed the 
uptake after radiation injury; however, there is an overlap between these uptakes. 
The value of PET for differentiating tumor progression from treatment-induced 
changes has been extensively studied in high-grade gliomas (de Zwart et al. 2019).

Recently, a meta-analysis has been conducted (de Zwart et al. 2019). This meta-
analysis included 39 studies and confirmed a lower diagnostic accuracy for FDG 
(Fig. 41.1) than for the two most common amino acid tracers. FDG reached a sen-
sitivity of 84% (95%CI 72–92) and specificity of 84% (95%CI 69–93), while FET, 
with a sensitivity of 90% (95%CI 81–95) and a specificity of 85% (95%CI 71–93), 
and MET (Figs. 41.2 and 41.3), with a sensitivity and specificity of 93% (95%CI 
80-98) and 82% (95%CI 68-91), respectively, performed significantly better (de 
Zwart et al. 2019). FDOPA is a less studied tracer (Fig. 41.4), with only four known 
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studies being published, but demonstrates comparable diagnostic accuracy with a 
sensitivity ranging from 85% to 100% and specificity ranging from 72% to 100% 
(Lapa et al. 2014; Karunanithi et al. 2013; Paquet et al. 2017; Herrmann et al. 2014).

The usefulness of FDG PET is very limited in brain metastases (Fig.  41.1). 
Studies have shown that FDG PET only marginally improves accurate differentia-
tion between tumor progression and treatment-induced changes after ambiguous 
MRI (Chao et al. 2001; Belohlávek et al. 2003). As expected, the accuracy of amino 
acid PET is superior to FDG PET.

Several studies have confirmed that a difference in FET T/N ratios can quantita-
tively distinguish metastatic progression from treatment-induced changes (Galldiks 
et  al. 2012; Romagna et  al. 2016; Ceccon et  al. 2017). However, the number of 
patients studied with FET PET (N = 126) is much smaller than for MET PET.

For MET PET, most studies had a relatively high sensitivity, specificity, and 
diagnostic accuracy (>85%) in common, with advantages over conventional imag-
ing (Figs. 41.2 and 41.3) (Terakawa et al. 2008; Yomo and Oguchi 2017; Okamoto 
et al. 2010; Yamane et al. 2010; Tsuyuguchi et al. 2003). However, a considerable 
overlap in the uptake values of methionine in progressing tumor and treatment-
induced change occurs (Minamimoto et al. 2015).

A visual analysis of 83 lesions in 32 patients also demonstrated positive results 
for FDOPA (Lizarraga et al. 2014). In another study, among 13 patients of whom 3 
had histologically confirmed treatment-induced changes, there was a visual differ-
ence in FDOPA uptake between recurrent or progressive metastases and treatment-
induced changes (Papin-Michault et al. 2016). This study additionally demonstrated 
a difference in LAT-1 expression between tumor progression cases and treatment-
induced changes, explaining the difference in FDOPA uptake (Papin-Michault et al. 
2016). Interestingly, FDOPA outperformed perfusion-weighted imaging in a study 
among 42 patients with brain metastases after SRS (Cicone et al. 2015).

41.4	 �Limitations and Future Perspectives of MRI and PET

MRI and PET seem to perform similar in the differentiation of treatment-induced 
changes from tumor progression. However, only few studies have compared MRI 
and PET directly.

A study by Kim et al. (2010) stated that perfusion-weighted MRI is superior in 
distinguishing a recurrence of high-grade glioma from radiation necrosis compared 
to MET. Dandois et al. (2010) also found that perfusion-weighted MRI had an at 
least similar diagnostic accuracy to MET in differentiating tumor recurrence and 
treatment-induced changes. However, FDOPA was suggested to outperform 
perfusion-weighted MRI (Cicone et al. 2015), and another study also demonstrated 
that amino acid PET is possibly superior over perfusion-weighted MRI (Tomura 
et al. 2017).

The diagnostic accuracy of the different amino acid PET tracers seems compa-
rable, although FDOPA is somewhat understudied compared to MET and FET 
PET. Most experience is gathered with MET. However, MET is impractical since it 
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demands a cyclotron due to its very short half-life (20 min). Fluorine-18-labeled 
FET has gained ground due to its longer half-life (109.7 min).

There is an urgent need for uniform scanning protocols and quantification meth-
ods for both advanced MRI and amino acid PET. Furthermore, few data are avail-
able on interobserver agreement in the interpretation of these advanced MRI 
sequences and PET studies. Amino acid PET can usually relatively easily be inter-
preted visually, but there is a lack of consensus on the used reference region for 
calculation of T/N ratios. Local variations in tracer uptake between different refer-
ence regions may significantly alter results. With T/N ratios still being the most 
reported quantitative parameter, this is troublesome. Future studies should thus 
focus on establishing robust guidelines for analysis and quantification methods for 
amino acid PET in brain tumors.

It has been suggested that the recent development of hybrid PET/MRI cameras 
could lead to a jump forward in the imaging of brain tumors. Combining both modal-
ities might overcome a number of individual limitations and avoids the necessity of 
additional scanning. This would enable an absolute match between tissue informa-
tion of both modalities under the same physiological conditions and may thus lead to 
better localization of the PET signal within the soft tissues. However, the economic 
cost of hybrid PET/MRI scanners is substantial. The first studies have been published 
and indeed demonstrate the feasibility of using combined PET/MRI machines 
(Hojjati et al. 2018; Deuschl et al. 2018). However, these studies are limited to FDG 
PET (Hojjati et al. 2018), which has insufficient value in brain tumor imaging, and 
carbon-bound MET PET (Deuschl et al. 2018), which is not feasible in many centers. 
Therefore, more PET/MRI studies with emphasis on treatment evaluation of gliomas 
and brain metastases using fluorine-bound amino tracers are desired.

41.5	 �Summary

Treatment-induced changes are a common phenomenon among both treated glio-
mas and brain metastases. Conventional MRI is not able to differentiate tumor pro-
gression and treatment-induced changes. Both advanced MRI techniques and amino 
acid PET provide additional information that can aid the clinician in decision-
making following treatment. Combining all evidence that we presented in this chap-
ter, there does not seem to be a preferred advanced MRI or PET imaging method to 
differentiate tumor progression from treatment-induced changes.
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