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Clinical Impact of Amino Acid PET in Gliomas

With an incidence of 20.5 per 100,000 people each year,
tumors of the central nervous system are a heterogeneous group,
with meningiomas (35.5%) and gliomas (30%) being the most
common (1). Although 97% of meningiomas are benign, 54% of
gliomas are highly malignant glioblastomas of World Health Or-
ganization (WHO) grade IV. Survival rates are 35.7% at 1 y and
4%–7% at 5 y for glioblastoma, 60%–80% at 1 y and 26%–46% at
5 y for astrocytomas and oligodendrogliomas of WHO grade III,
and 94% at 1 y and 67% at 5 y for astrocytomas and oligoden-
drogliomas of WHO grade II (2). Additionally, the central nervous
system may be invaded by metastases from other malignancies.
Brain tumors create structural lesions whose diagnosis is pri-

marily dependent on imaging with CT and MR. However, it is

possible to improve clinical management by using PET to provide

physiologic and biochemical information on tumor metabolism,

proliferation rate, and invasiveness, as well as to determine the

relationship of the tumor to important functional tissue and to

monitor the effects of treatment (3).
Imaging of brain tumors with 18F-FDG was the first oncologic

application of PET. As in other malignancies, glucose consumption is

increased in brain tumors, especially in malignant gliomas, but dif-

ferentiating tumors from normal tissue or nontumorous lesions is

often difficult because of the high metabolism in normal cortex. 18F-

FDG uptake in low-grade tumors is usually similar to that in normal

white matter, and uptake in high-grade tumors can be less than or

similar to that in normal gray matter. The sensitivity of detection of

lesions is further decreased by the high variance of 18F-FDG uptake

and its heterogeneity within a single tumor. Labeled amino acids and

their analogs are particularly attractive for imaging brain tumors

because of the high uptake in tumor tissue and low uptake in normal

brain. This increased amino acid uptake, especially in gliomas, is not

a direct measure of protein synthesis or dependent on blood–brain

barrier breakdown but rather is related to increased transport medi-

ated by type L amino acid carriers: facilitated transport is upregulated

because of the increased transporter expression in tumor vasculature

(4). Additionally, the countertransport system A is overexpressed in

neoplastic cells and seems to correlate positively with the rate of

tumor cell growth (5). Therefore, elevated transport of amino acids

not only is a result of increased protein synthesis but also reflects the

increased demand by different types of metabolism in the tumor cell.
The most frequently used radiolabeled amino acid is methyl-11C-

L-methionine (MET) (6,7). Especially in low-grade gliomas, amino

acid uptake is related to prognosis and survival. With regard to tumor

extent and infiltration into surrounding tissue, assessment of amino acid

uptake is superior to measurement of glucose consumption (8) and

toconventional contrast-enhancedMRimaging (9)orMRspectroscopy

(10). 11C-MET PET detects solid parts of tumors as well as the in-

filtration zone with high sensitivity and specificity (11). Because 11C-

labeled tracers can be used only in centers with an onsite cyclotron,

amino acids were recently labeled with 18F-fluorine to facilitate wider

use. Clinically relevant findings have been obtainedmainly with two of

them: O-(2-18F-fluoroethyl)-L-tyrosine (FET) and 6-18F-fluoro-L-dopa

(FDOPA). 18F-FETand 18F-FDOPA are transported into the brain and

tumor but are not further metabolized. Thus, they—in contrast to 11C-

MET—reflect transport only. Tumor uptake of 18F-FET and 18F-

FDOPA is similar to that of 11C-MET (6,7,12,13). 18F-FET PET is well

suited for differential diagnosis of primary brain tumors (14) and for

differentiationbetween low-andhigh-gradegliomas. 18F-FETPETalso

indicatesmalignant progression of low-gradegliomas during the course

of the disease (15). Uptake of 18F-FET is not dependent on changes

in the blood–brain barrier but on cell density (16). Dynamic 18F-FET

PET may even help to identify high-risk patients (17) and to predict

survival (18). In a large study, 18F-FDOPA demonstrated excellent vi-

sualization of high- and low-grade tumors and was more sensitive and

specific than 18F-FDG (19). Especially in newly diagnosed tumors,

uptake has been shown to be related to proliferation, whereas this

correlation has not been observed in recurrent gliomas (20). In astro-

cytomas, 18F-FDOPA PET has detected areas with more actively

proliferating cell populations (as proven by biopsy) and permitted

targeted radiation (21). 18F-fluoro-L-thymidine (FLT) PET in some

instances has been superior to amino acid PET for imaging pro-

liferation in different gliomas and may add significant information

about invasiveness, but 18F-FDOPAPEThas been found to be superior

to 18F-FDG and 18F-FLT in the evaluation of low-grade gliomas (22).
Because of the high cortical background activity, 18F-FDG is

limited in the detection of residual tumor after therapy. The effects

of radiation and chemotherapy can be shown only after a few weeks

of treatment, and recurrent tumor or malignant transformation is

marked by newly occurring hypermetabolism. Hypermetabolism

after radiotherapy, however, can also be mimicked by infiltration of

macrophages. With these limitations, 18F-FDG PET is not the pre-

ferred method to assess therapeutic effects. For this application,

amino acid and nucleoid tracers are better suited.
Several studies have suggested that patient outcomes are better

when 11C-MET or 18F-FET PET is coregistered to MR imaging

than when MR imaging is used alone (23). 11C-MET PET co-

registered to MR imaging has high sensitivity and specificity

(;75%) for differentiation between recurrent tumor as a sign of

treatment failure and necrosis as a sign of success (24,25). Ma-

lignant progression in nontreated and treated patients has been

detected with high sensitivity and specificity by 11C-MET PET.

The volume of metabolically active tumor in recurrent glioblas-

toma multiforme is underestimated by gadolinium-enhanced

MR imaging. In one study, the additional information supplied by
11C-MET PET changed management in half the cases (26).
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Responses after chemotherapy can be detected by amino acid PET
early in the course of disease (27), suggesting that deactivation of
amino acid transport is an early sign of response to chemotherapy.
18F-FET PET coregistered to MR imaging has been shown to detect
the effects of multimodal treatment more sensitively than conven-
tional MR imaging alone, reaching a sensitivity of more than 80%
and a specificity of close to 100% (28).
A prospective study evaluated the prognostic value of early

changes in 18F-FET uptake after postoperative radiochemotherapy in
glioblastomas (29). Patients with a more than 10% decrease in tumor-
to-brain ratio had significantly longer disease-free survival than
patients with stable or increasing tracer uptake. In a study using 18F-
FLT PET, responders to combination therapy could be distinguished
from nonresponders: 18F-FLT PET at 2 and 6 wk predicted survival
better than did MR imaging (30). A combination of 18F-FDOPA and
18F-FLT PET has been shown to further improve prediction of
treatment response (31). Multimodal imaging, including various PET
and MR imaging modalities, will have a strong impact on the de-
velopment of new therapeutic strategies (32).
In summary, with the availability of tracers with longer half-lives,

molecular imaging has gained broader access to the management of
brain tumors, but its utilization is still more limited in brain oncology
than in general oncology. Compared with CT or MR imaging, amino
acid PET permits more precise demarcation of tumors, better defi-
nition of malignancy and prognosis, and earlier detection of recur-
rences. Additionally, amino acid PET can be used to monitor the
effects of treatment and to allow early differentiation between re-
sponders and nonresponders. The unique information gained justifies
the cost of molecular imaging with PETwhen used in addition to the
established diagnostic procedures (33).
Combination of imaging modalities may be best achieved by hybrid

PET/MR, permitting simultaneous assessment of morphologic, phys-
iologic, and molecular parameters (34,35). Integrated PET/MR im-
aging might become the gold standard for diagnosis of gliomas in the
future.
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