
Neuro-Oncology Advances
4(1), 1–14, 2022 | https://doi.org/10.1093/noajnl/vdac008 | Advance Access date 13 February 2022

1

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. 
For commercial re-use, please contact journals.permissions@oup.com

© The Author(s) 2022. Published by Oxford University Press, the Society for Neuro-Oncology and the European Association of Neuro-Oncology.

Kiana Y. Prather, Christen M. O’Neal , Alison M. Westrup, Hurtis J. Tullos, Kendall L. Hughes, 
Andrew K. Conner, Chad A. Glenn, and James D. Battiste

Department of Neurosurgery, University of Oklahoma Health Sciences Center, Oklahoma City, Oklahoma, USA 
(K.Y.P., C.M.O., A.M.W., H.J.T., K.L.H., A.K.C., C.A.G., J.D.B.)

Corresponding Author: James D. Battiste, MD, PhD, Department of Neurosurgery, University of Oklahoma Health Sciences Center, 
1000 N Lincoln Blvd, Suite 4000, Oklahoma City, OK 73104, USA (james-battiste@ouhsc.edu).

Abstract
The response assessment in neuro-oncology (RANO) criteria have been the gold standard for monitoring treatment 
response in glioblastoma (GBM) and differentiating tumor progression from pseudoprogression. While the RANO 
criteria have played a key role in detecting early tumor progression, their ability to identify pseudoprogression is 
limited by post-treatment damage to the blood-brain barrier (BBB), which often leads to contrast enhancement 
on MRI and correlates poorly to tumor status. Amino acid positron emission tomography (AA PET) is a rapidly 
growing imaging modality in neuro-oncology. While contrast-enhanced MRI relies on leaky vascularity or a com-
promised BBB for delivery of contrast agents, amino acid tracers can cross the BBB, making AA PET particularly 
well-suited for monitoring treatment response and diagnosing pseudoprogression. The authors performed a sys-
tematic review of PubMed, MEDLINE, and Embase through December 2021 with the search terms “temozolomide” 
OR “Temodar,” “glioma” OR “glioblastoma,” “PET,” and “amino acid.” There were 19 studies meeting inclusion 
criteria. Thirteen studies utilized [18F]FET, five utilized [11C]MET, and one utilized both. All studies used static AA 
PET parameters to evaluate TMZ treatment in glioma patients, with nine using dynamic tracer parameters in addi-
tion. Throughout these studies, AA PET demonstrated utility in TMZ treatment monitoring and predicting patient 
survival.
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A systematic review of amino acid PET in assessing 
treatment response to temozolomide in glioma
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Background

Temozolomide(TMZ) is a second-generation oral alkylating 
agent that is considered a relatively effective treatment 
for gliomas. The first-line treatment for newly diagnosed 
glioblastoma (GBM) is surgical resection when feasible. 
Following resection, the standard treatment is six weeks of 
radiochemotherapy using concomitant daily TMZ (RCT-TMZ) 
followed by adjuvant TMZ for six cycles, as established by the 
Stupp Protocol.1 Adjuvant TMZ may also be administered be-
yond six cycles, as some studies have shown survival bene-
fits with extended TMZ.2 Despite the established treatment, 
the prognosis of patients with GBM and other high-grade 

gliomas (HGG) is poor with a high tumor recurrence rate.3 
Recurrent HGG requires prompt treatment with further re-
section, RCT, or other chemotherapy agents. The treatment 
for low-grade glioma (LGG) is more controversial, since no 
standard has been established, although chemotherapy with 
TMZ alone or in combination with other agents is often used. 
Since TMZ carries hematologic toxicities and its efficacy is 
often uncertain in LGG, some patients may benefit from al-
ternative treatments if TMZ is not effective.4 Therefore, for 
both HGG and LGG, a method to accurately assess the effi-
cacy of TMZ therapy, especially at an early stage, is needed 
to promptly revise the treatment plan in the event of TMZ re-
sistance or to avoid overtreatment in the absence of tumor 
progression.

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
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Currently, the primary treatment monitoring method 
is MRI before and after treatment with periodic follow-up 
imaging. Established in 2010, the response assessment in 
neuro-oncology (RANO) criteria, which categorizes out-
comes from complete and partial response to disease 
progression, have been widely utilized for assessing treat-
ment response in HGG and LGG.5 While the RANO criteria 
take into account clinical factors, they rely heavily on the 
appearance of contrast-enhancing lesions on MRI, which 
is affected by post-treatment damage to the blood-brain 
barrier (BBB) and often correlates poorly to tumor status.6 
Furthermore, the phenomenon of pseudoprogression is 
observed in approximately 36% of HGG patients treated 
with standard RCT-TMZ and cannot be effectively identi-
fied on MRI.7 Pseudoprogression may be associated with 
the radiosensitizing effect of TMZ, and is, therefore, most 
commonly observed in patients treated with RCT-TMZ.8,9 
Continuation of TMZ in patients with pseudoprogression 
yields improved survival; therefore, it is important to 
promptly distinguish pseudoprogression from true pro-
gression to avoid erroneously terminating an effective 
therapy.9

Positron emission tomography (PET) is a rapidly 
growing imaging modality in oncology. The most widely 
used radiotracer for PET is 2-deoxy-2-[18F]fluoro-D-glucose 
([18F]FDG), although its usage in neurooncology is limited, 
as [18F]FDG is nonspecific to tumor tissues due to its high 
background uptake in the brain.10 In the recent decades, 
however, PET utilizing radiolabeled amino acids (AA PET) 
has gained attention for its potential in assessing treat-
ment response in gliomas, in addition to diagnostic and 
prognostic values.11,12 The ability of AA tracers to cross 
the BBB is a crucial advantage that overcomes the limi-
tations of contrast-enhanced MRI, which relies on leaky 
vascularity or compromised BBB for delivery of contrast 
agents.13 Furthermore, unlike [18F]FDG, AA radiotracer up-
take is specific to tumor tissues due to the considerable dif-
ference in AA metabolism, yielding minimal background 
activity. Several AA radiotracers have shown potential in 
neuro-oncologic imaging, including O-(2-[18F]fluoroethyl)-
L-tyrosine ([18F]FET), [11C]methyl-L-methionine ([11C]MET), 
and 3,4-dihydroxy-6-[18F]fluoro-L-phenylalanine ([18F]
FDOPA).

Among these AA tracers, [18F]FET and [11C]MET are 
the most widely studied and both appear to be reliable 
radiotracers with no major uptake differences in glioma pa-
tients.14,15 Although some reported that the uptake of [18F]
FET in inflammatory tissue is lower than that of [11C]MET, 
and thus [18F]FET may be more specific to tumor, most do 
not consider the difference significant.14,15 The major differ-
ence between these two tracers is that the half-life of [11C]
MET is 20 minutes, requiring an onsite cyclotron, while 
[18F]FET has a longer half-life of 110 minutes, allowing 
broader usage.14 Although this review does not discuss 
studies that utilized [18F]FDOPA in detail, this AA tracer has 
also been studied for the diagnosis and prognosis of recur-
rent glioma. [18F]FDOPA is a substrate of aromatic amino 
acid decarboxylase, which is highly expressed in dopamin-
ergic neurons. As a result, the high physiologic [18F]FDOPA 
uptake in the basal ganglia presents a limitation, which has 
been shown to interfere with delineating tumors in its vi-
cinity.16 This review aims to summarize and evaluate the 

role of AA PET imaging in assessing treatment response to 
TMZ therapies in HGG and LGG.

Literature Search

Search Strategy and Eligibility Criteria

A literature review was conducted in the PubMed, 
MEDLINE, and Embase databases on June 22, 2020, fol-
lowing the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRIMSA) guidelines.17 
A  combination of the search terms “temozolomide” OR 
“Temodar,” “glioma” OR “glioblastoma,” “PET,” and 
“amino acid” were used along with the filters “humans” 
and “English.” No time limit was placed on the search.

The screening of abstracts and full-text articles was 
performed independently by two reviewers (K.Y.P.  and 
A.M.W.). Discrepancies were resolved by discussion 
to achieve a consensus decision or, if consensus could 
not be reached, by referral to a third reviewer (C.A.G). 
To be included, studies must: (1) involve patients with 
glioma who underwent some form of TMZ treatment, 
(2) perform AA PET on patients during and/or after TMZ 
treatment, (3) utilize AA PET data to assess treatment 
response to TMZ, and (4) report clinical or histological 
outcomes of the patients. The bibliographies of relevant 
reviews and original studies were examined for any 
relevant papers that were not included in the database 
search results.

A workflow diagram of the literature selection process 
is shown in Figure 1. The database search yielded 110 
results after deduplication, of which 63 were excluded 
after the initial title and abstract screening. Reasons for 
exclusion during the title and abstract screening were: 
not using amino acid radiotracers for PET (n = 2), not in-
cluding human glioma patients (n = 2), disease not cat-
egorized as glioma (n = 2), not focusing on assessment 
of treatment response to TMZ (n  =  13), not focusing on 
AA PET as the imaging modality of interest (n  =  1), re-
view papers (n = 24), and conference abstracts (n = 19). 
Two additional papers that fit all of the eligibility criteria 
but were not included in the original database search re-
sults were identified in the bibliographies of relevant pub-
lications.18,19 A total of 47 full-text articles were assessed 
for eligibility, of which 19 were ultimately selected for de-
tailed discussion. During the full-text screening, studies 
were excluded if the patients received AA PET only prior 
to TMZ treatment and no follow-up (n = 21), if the patients 
received other significant treatments along with TMZ 
(note that RT was an exception to this criterion) (n = 3), 
if patient outcome was not reported (n = 2), and if the pri-
mary focus is artificial intelligence (n = 2).

Review of Studies

The imaging parameters and main findings from each 
qualifying study are listed in Table 1. Among the 19 studies 
selected, 13 utilized [18F]FET, five utilized [11C]MET, and one 
used both. The sample size of these studies ranged from 1 to 
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79. Fourteen studies focused on HGG, two focused on LGG, 
and three reported a combination of HGG and LGG patients. 
In six studies, AA PET was performed on patients before and 
after the initiation of RCT with concurrent TMZ, often with fol-
low-up AA PET extending into the adjuvant TMZ period.19–24 
In five studies, AA PET imaging was only available after com-
pletion of RCT.18,25–28 Four studies performed AA PET during 
or after the completion of adjuvant TMZ, of which two also 
performed AA PET prior to starting adjuvant TMZ.29–32 The re-
maining four papers, three of which focused on LGG, reported 
AA PET imaging before and periodically throughout the 
course of TMZ chemotherapy.33–36

For PET data analysis, these studies utilized a combi-
nation of static and dynamic tracer uptake parameters. 

For static analysis, which was performed in all studies, 
the tumor-to-brain, or tumor-to-background, ratio (TBR) 
and metabolically active tumor volume (Tvol) were 
most commonly used for treatment response assess-
ment. For dynamic analysis, the pattern and slope of 
tracer uptake time-activity curve (TAC) was most com-
monly used (n  =  9), followed by time-to-peak (TTP) 
(n  =  4). All dynamic studies utilized [18F]FET because 
its longer half-life better allowed for the observation of 
tracer uptake trends across time.18,22,24–28,31,35 It is also 
worth noting that three of the [18F]FET-PET articles re-
ported on the same patient cohort, although each ar-
ticle focused on different aspects of treatment response 
assessment.20,22,23

  

Number of studies identified through 
database searching: PubMed, 

MEDLINE, and Embase (n = 140) 
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Figure 1.  PRISMA flow diagram for AA PET studies involving temozolomide.
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Radiochemotherapy Using Concomitant TMZ

Several studies have utilized AA PET to assess the re-
sponse to RCT-TMZ in HGG patients. These studies pri-
marily focus on detecting the correlation between AA PET 
findings and clinical endpoints, such as progression-free 
survival (PFS) and overall survival (OS), and differentiating 
pseudoprogression from true progression.

Piroth et al. 2011, Galldiks et al. 2012, and Piroth et al. 
2013 reported on the same cohort of newly diagnosed 
GBM patients who underwent [18F]FET-PET prior to and 
after being treated with RCT-TMZ, with the latter two pa-
pers including three more patients than the first (n = 22, 
25, and 25, respectively).1,20,23 Piroth et  al. 2013 also 
included data from an extended follow-up period and 
offered analysis of dynamic [18F]FET-PET. These three 
papers reported that a decrease of at least 10% in TBRmax 
early after completion of RCT-TMZ was a highly signif-
icant and independent statistical predictor for longer 
PFS and OS.20,22,23 In addition, Galldiks et al. 2012 found 
a decrease in Tvol 6-8 weeks after completing RCT-TMZ 
to be prognostic of PFS, although Piroth et  al. 2013 
could not confirm the same relationship. The authors 
attributed this discrepancy in statistical significance 
to a small sample size and a longer observation time 
in Piroth et al. 2013. Overall, the findings from this pa-
tient cohort indicated that static [18F]FET-PET following 
RCT-TMZ, in particular change in TBRmax, was a robust 
parameter to detect treatment response as early as one 
week post-treatment, and may thereby help to optimize 
individual treatment.

In a prospective longitudinal study, Suchorska et  al. 
2015 performed static and dynamic [18F]FET-PET on 79 
newly diagnosed GBM patients prior to and after under-
going RCT-TMZ.24 Although the primary goal of this study 
was to identify the prognostic value of [18F]FET-PET prior 
to RCT-TMZ, they also assessed the correlation between 
post-treatment [18F]FET-PET and patient outcome. Both the 
Tvol and TBRmax decreased after completion of RCT-TMZ, al-
though no further decrease was seen after three cycles of 
adjuvant TMZ. While Tvol and TBRmax reduction did not cor-
relate to PFS or OS in this study, the authors found that 
dynamic [18F]FET uptake with an increasing TAC pattern 
post-treatment was associated with longer PFS, indicating 
that dynamic [18F]FET-PET may predict treatment response. 
The authors pointed out that nonspecific [18F]FET uptake in 
treatment-induced reactive gliosis might interfere with the 
differentiation between responders and nonresponders; 
however, Lohman et  al. later demonstrated that the TAC 
patterns in dynamic [18F]FET-PET might help to identify re-
active gliosis.26 Dynamic [18F]FET-PET will be discussed in 
more detail in the Static vs. dynamic section.

Kawasaki et al. 2019 performed [11C]MET-PET before and 
after RCT-TMZ in 30 newly diagnosed GBM patients who 
had undergone surgical resection.21 A -0.366 variation rate 
of maximum lesion/normal brain [11C]MET uptake ratio, 
namely a reduction in TBRmax of 36.6% or more, correl-
ated to a longer OS of > 23 months. TBRmax decreased until 
nine months after RCT-TMZ with significance until three 
months. Meanwhile, the volume of contrast enhancement 
on MRI showed decrease until three months followed by 
an increase up to nine months, revealing a dissociation 

in the longitudinal changes between [11C]MET-PET and 
contrast-enhanced MRI.

Santoni et al. 2014 retrospectively investigated the sen-
sitivity and specificity of [11C]MET-PET with MRI/CT in 
the assessment of tumor response to TMZ in anaplastic 
astrocytoma (n = 15) and GBM (n = 22) patients.19 The pa-
tients underwent imaging after surgical resection and 
throughout their TMZ treatment at 3-month intervals. The 
combination of [11C]MET-PET with MRI/CT distinguished 
treatment-related changes from residual disease with 
93.97% sensitivity and 95.18% specificity in anaplastic 
astrocytoma, and with 96.92% sensitivity and 100% spec-
ificity in GBM patients during their RCT-TMZ and adjuvant 
TMZ treatment. These findings support the utility of [11C]
MET-PET in monitoring postoperative tumor response and 
successive TMZ treatment response in HGG. In particular, 
[11C]MET-PET expressed maximal potential in disclosing 
the recurrence of anaplastic astrocytoma and GBM at an 
early time point in patients treated with RCT-TMZ and 
adjuvant TMZ.

A postmortem case study of a GBM patient whose [18F]
FET-PET imaging showed tumor progression shortly after 
completing RCT-TMZ confirmed that increased uptake of 
[18F]FET in the area of equivocal contrast enhancement on 
MRI correlated well with dense infiltration by vital tumor 
cells.26 Moreover, Lohmann et  al. demonstrated that the 
dynamic TAC patterns in the tumor area were typical of 
malignant gliomas (i.e. early peak followed by decline), 
whereas in an area of reactive astrogliosis the uptake pat-
tern was typical of benign lesions (i.e. constant rising), 
and only moderate [18F]FET uptake was seen. This result 
provides insights into differentiating reactive gliosis from 
tumor using dynamic [18F]FET-PET, which may offer addi-
tional value in the diagnosis of pseudo- versus true pro-
gression (see Pseudoprogression section).

Adjuvant TMZ

While the Stupp Protocol recommends six cycles of ad-
juvant TMZ following concomitant RCT-TMZ for newly 
diagnosed GBM patients, there exists ongoing debate re-
garding the duration of adjuvant TMZ.1,2 Some studies have 
demonstrated survival benefits of extended adjuvant TMZ 
beyond 6 or 12 cycles.37,38 However, the optimal length is 
uncertain, and an effective method to monitor tumor ac-
tivity is needed to allow physicians to tailor the duration 
of adjuvant TMZ to the individual patient’s disease course.

Galldiks et  al. 2010 reported on two GBM patients on 
long-term adjuvant TMZ monitored periodically by [11C]
MET-PET.29 Both patients displayed stable clinical courses 
during treatment and were documented by [11C]MET-PET 
as complete responses. After the discontinuation of TMZ in 
one patient and dosage reduction in the other at 17 and 
20 cycles, respectively, both patients experienced tumor 
recurrence and died. Importantly, [11C]MET-PET imaging re-
vealed tumor recurrence months prior to clinical deteriora-
tion. The authors point out that investigation regarding the 
continuation of long-term adjuvant TMZ in those who do 
not show tumor activity is warranted.

In a retrospective case-control study, Hirono et al. 2019 
aimed to assess the feasibility of terminating adjuvant TMZ 
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based on [11C]MET-PET.29 Recurrence and PFS were ana-
lyzed in 44 newly diagnosed GBM patients who completed 
extended adjuvant TMZ (≥ 12 cycles). Patients with no evi-
dence of recurrence on MRI at the completion of adjuvant 
TMZ underwent [11C]MET-PET imaging. Compared to MRI, 
[11C]MET-PET showed better ability to predict tumor pro-
gression in these long-term GBM survivors. Subgroups 
with high [11C]MET uptake more frequently demonstrated 
tumor progression than those with low uptake, even with 
continuation of TMZ. Specifically, low uptake at the time of 
extended adjuvant TMZ completion was associated with 
a 93% lower risk for recurrence within one year after the 
imaging. The authors also observed that the tumor recur-
rence rate increased in a stepwise manner according to 
[11C]MET uptake. The findings of this case-control study in-
dicated that termination of extended adjuvant TMZ based 
on [11C]MET uptake was feasible, and that [11C]MET-PET 
better-predicted tumor progression in long-term GBM sur-
vivors than MRI.

Ceccon et al. demonstrated in a prospective study that 
[18F]FET-PET is an effective tool to identify early responders 
to adjuvant TMZ in HGG patients.32 After two cycles of ad-
juvant TMZ, a reduction in Tvol and TBRmax predicted a sig-
nificantly longer OS and PFS, independent of other known 
prognostic factors such as age and MGMT promoter meth-
ylation status. Meanwhile, responders identified by RANO 
criteria using contrast-enhanced MRI did not adequately 
predict clinical outcome.

Compared to RCT-TMZ, there are fewer studies that fo-
cused on the utility of AA PET in assessing response to 
adjuvant TMZ. While AA PET shows potential in aiding 
physicians in monitoring patients on adjuvant TMZ, more 
studies are warranted to further evaluate its role in deter-
mining the length of adjuvant TMZ in HGG patients.

TMZ Chemotherapy Monitoring

In using AA PET to monitor response to TMZ chemotherapy 
administered as the primary treatment, three studies fo-
cused on LGG and one study evaluated recurrent HGG 
patients.

Galldiks et al. 2006 performed [11C]MET-PET in 15 recur-
rent malignant glioma patients before and during their 
TMZ chemotherapy to monitor early treatment response 
and detect correlation to long-term response.33 All pa-
tients had previous resection and/or radiotherapy. After 
three cycles of TMZ chemotherapy, response could already 
be demonstrated with [11C]MET-PET, and absence of pro-
gression at that time indicated a high probability of fur-
ther stability during the next three cycles. The absence of 
an increase in [11C]MET uptake, as quantified by TBRmax, 
during the course of TMZ chemotherapy corresponded to a 
stable clinical status and a favorable long-term clinical out-
come. In particular, in those with declining or stable [11C]
MET uptake (i.e. responders) and increasing [11C]MET up-
take (i.e. nonresponders), the median time to progression 
was 23 and 3.5 months, respectively.

Two studies, Wyss et  al. 2009 and Roelcke et  al. 2016, 
assessed response to TMZ chemotherapy in LGG (grade 
II) patients with no prior treatment, using [18F]FET- or [11C]
MET-PET at baseline and throughout treatment.34,36 In both 

studies, responders were defined as patients with at least 
10% reduction of AA PET tumor volume. Of the 11 patients 
reported by Wyss et al., eight showed metabolic responses 
on [18F]FET-PET. Only three months after treatment initia-
tion, the active [18F]FET uptake volumes decreased in two 
patients, whereas the first MRI volume responses were ob-
served at six months. The time to maximal volume reduc-
tion was 8.0 ± 4.4 months for [18F]FET, and 15.0 ± 3.0 months 
for MRI, indicating a delay in response on MRI compared 
to [18F]FET-PET. The responders had longer survival (PFS 
38 ± 3 months) compared to those who did not show re-
sponse on AA PET or MRI (PFS 15 ± 8 months). In addition, 
three of the four patients who showed disease progres-
sion were later diagnosed with progression to HGG on 
histology. In these three patients, prominent increases in 
TBR and [18F]FET tumor volume were seen. Similar trend 
was also seen by Roelcke et al.34 Of the 33 LGG patients, 
a decrease in [18F]FET- or [11C]MET-PET tumor volume of ≥ 
80.5% predicted a PFS of ≥ 60 months, and a decrease of ≥ 
64.5% predicted a PFS of ≥ 48 months. Interestingly, a re-
duction of AA PET tumor volume, but not reduction in TBR 
or MRI tumor volumes, correlated with improved seizure 
control following chemotherapy. Roelcke et al. concluded 
that AA PET is superior to MRI for evaluating TMZ re-
sponses in grade II glioma. Both studies reported a delayed 
response on MRI compared to AA PET, which favored AA 
PET for individualizing the duration of TMZ chemotherapy. 
This delay indicates that change in AA metabolism is more 
sensitive than structural changes in response to TMZ, and 
that the downregulation of AA transport potentially repre-
sents an early indicator of response to TMZ chemotherapy 
in grade II gliomas.

Suchorska et al. 2018 performed static and dynamic [18F]
FET-PET before and six months after the initiation of che-
motherapy in patients with grade II (n = 44) and III (n = 17) 
gliomas that did not show contrast enhancement on [18F]
FET MRI. It is worth noting that 8 of the 61 patients, treated 
prior to 2006, received procarbazine with lomustine rather 
than TMZ. The authors categorized [18F]FET-PET responders 
as those with ≥ 10% decline in TBR or ≥ 25% reduction in 
[18F]FET tumor volume, while progressive disease was de-
fined as ≥ 10% increase in TBR or ≥ 25% increase in [18F]
FET tumor volume. Patients with positive [18F]FET uptake 
that did not fall under either category were categorized as 
stable disease. Response assessment on MRI was done ac-
cording to the RANO criteria. Suchorska et al. found [18F]
FET-PET responders (n = 34) to have the longest time-to-
treatment failure (mean 78.5  months) compared to all 
other groups on [18F]FET-PET and MRI, while there was no 
significant difference between stable and progressive dis-
ease on [18F]FET-PET. A comparable pattern was observed 
for postchemotherapy survival. Tumor volume change on 
T2-weighted MRI was not associated with patient outcome. 
The authors thus concluded that [18F]FET is a promising 
biomarker for early response assessment in contrast-
negative glioma patients undergoing TMZ chemotherapy.

Pseudoprogression

Pseudoprogression is most clinically relevant in HGG within 
12 weeks of completing RCT-TMZ, although it can also 
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occur later in the treatment course.39 Pseudoprogression 
can occur with or without clinical manifestation, although 
in most patients pseudoprogression remains clinically 
asymptomatic.25 While traditional contrast-enhanced MRI 
cannot differentiate pseudoprogression from true progres-
sion, AA PET has shown promising results.18–20,25,31 For 
example, Galldiks et al. 2012 found pseudoprogression in 
five of 25 GBM patients treated with RCT-TMZ.20 Among 
the patients with pseudoprogression, significant decline 
of TBRmax (median change, –22%) was seen after RCT-TMZ, 
and Tvol determined by [18F]FET-PET remained stable, de-
spite all patients demonstrating increased contrast en-
hancement volumes on MRI (median change, 433%).

Two studies, Galldiks et  al. 2015 and Kebir et  al. 2016, 
specifically focused on differentiating pseudoprogression 
from true progression in GBM patients with suspected pro-
gression on standard contrast-enhanced MRI18,25 Using 
static and dynamic [18F]FET-PET, Galldiks et al. confirmed 
pseudoprogression in 11 out of 22 GBM patients within the 
first 12 weeks after completing RCT-TMZ, demonstrating 
a diagnostic accuracy of 96% (sensitivity 100%, spec-
ificity 91%) using a TBRmax cutoff of 2.3. Furthermore, 
TBRmax < 2.3 also predicted a significantly longer OS 
(median, 23 months) compared to TBRmax > 2.3 (median, 
12  months). Similarly, using static and dynamic [18F]FET-
PET, Kebir et  al. 2016 diagnosed pseudoprogression in 
seven of 26 GBM patients who were suspected to have 
late-onset progression more than three months after 
completion of RCT-TMZ or initiation of second-line che-
motherapy. TBRmax and TBRmean were significantly lower 
in patients with late-onset pseudoprogression compared 
to true progression. A TBRmax cutoff of 1.9 achieved a di-
agnosis accuracy of 85% (sensitivity 84%, specificity 
86%) for pseudoprogression. In addition, the authors 
found that all patients with late pseudoprogression had 
a TBRmax below 2.4, while all patients with true progres-
sion had a TBRmax above 1.0, therefore recommending 
these two as safe thresholds in diagnosing true progres-
sion and pseudoprogression, respectively. For patients 
with a TBRmax between 1.0 and 2.4, however, more caution 
should be used. When a pseudoprogression is misdiag-
nosed as true progression, unwarranted salvage treat-
ment may be initiated. Therefore, in patients with a TBRmax 
value between 1.0 and 2.4, it may be most reasonable to 
defer salvage treatment until a later follow-up imaging or 
until histopathology confirms true progression, while also 
taking into consideration the patient’s clinical condition. It 
is worth noting that three of the seven patients with late-
onset pseudoprogression in Kebir et al. 2016 also received 
lomustine, which may be associated with increased occur-
rence of late-onset pseudoprogression. In both of these 
studies, dynamic [18F]FET-PET revealed that tracer uptake 
TAC patterns that peaked at midpoint or early followed by 
constant decline were highly associated with true progres-
sion, whereas pseudoprogression was associated with a 
constantly increasing tracer uptake pattern and longer TTP. 
This observation was consistent with those seen in sev-
eral other studies utilizing dynamic AA PET.24,26,28 In a later 
study, Werner et  al. diagnosed pseudoprogression with 
87% accuracy using static [18F]FET-PET in GBM patients 
treated with TMZ-lomustine RCT. The addition of dynamic 
parameter, TTP, further improved the diagnostic specificity 

and positive predictive value to 100%. AA PET appears to 
hold unique value in differentiating pseudoprogression 
from tumor, where conventional MRI falls short.

Recent studies have investigated artificial intelligence 
(AI) as a new aid in diagnosing pesudoprogression using 
AA PET. In most AA PET studies, the diagnostic thresh-
olds are determined by conventional receiver operating 
characteristic (ROC) analysis, however, a recent study 
demonstrated the feasibility of using a machine learning 
algorithm to diagnose pseudoprogression in GBM patients 
with success.40 Unlike the binary system in conventional 
ROC analysis, the Linear Discriminant Analysis-based ma-
chine learning algorithm allowed for a multiparameter ap-
proach and yielded higher diagnostic performance using 
static and dynamic [18F]FET-PET. Radiomics, another branch 
of machine learning, also helped accurately diagnose all 
pseudoprogression in a cohort of GBM patients within 12 
weeks of completing RCT-TMZ.41 AI may represent an ex-
citing direction for the future of AA PET.

Studies have reported that MGMT promoter methylation 
is more frequently seen in pseudoprogression patients 
compared to true progression, indicating an association 
between pseudoprogression and MGMT promoter meth-
ylation.18,25 Kebir et al. found that 86% (6/7) of patients who 
exhibited late pseudoprogression had methylated MGMT 
promoter, whereas only 58% (11/19) of patients with true 
early progression had MGMT methylation. MGMT meth-
ylation is known to be associated with TMZ susceptibility, 
and pseudoprogression may be associated with better 
outcomes.42 In a study aimed to determine the factors 
predicting the recurrence pattern determined by [18F]
FET-PET in GBM patients treated according to the Stupp 
Protocol, Niyazi et  al. found that the recurrence pattern 
detected on [18F]FET-PET appeared to be associated with 
MGMT promoter methylation status.27 Considering all 54 
patients with a known MGMT status, 41.5% (12/29) of the 
MGMT methylated population had no relapse, 37.9% had 
an in-field recurrence, and 20.7% an ex-field/marginal re-
currence. Meanwhile 28.0% (7/25) of the unmethylated 
population had no relapse, 64.0% had an in-field recur-
rence and 8.0% an ex-field/marginal recurrence as detected 
by [18F]FET-PET. Others have found that the histogram fea-
tures of [11C]MET-PET may be able to detect the MGMT pro-
moter methylation status in glioma patients and therefore 
predict treatment response to TMZ.43

Static vs. Dynamic

In studies with baseline imaging and continuous moni-
toring, decline in TBRmax appears to be the most useful 
predictor of outcome, especially early after treat-
ment.20–23,31,32,35 Some studies have also demonstrated 
correlation between decline in TBRmean and treatment out-
come, although it appears to be of weaker predictive value 
than TBRmax.

22 In predicting clinical endpoints, some re-
ported that a threshold of 10% reduction in TBRmax yielded 
optimal PFS, while a 20% reduction better-predicted 
OS.20,23 When longitudinal data is available, a reduction in 
Tvol is also a good predictor of clinical endpoints, especially 
in LGG.34–36 In differentiating pseudoprogression from 
true progression, most studies utilized a TBRmax threshold 
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ranging from 1.9-2.3 with success.18,25,28,31 In these studies, 
TBR values after treatment were used for diagnosis without 
comparison to pretreatment TBR. Similar to clinical out-
come prediction, TBRmax appears to be more accurate than 
TBRmean in diagnosing pseudoprogression.25

In dynamic AA PET, the consensus is that TAC pat-
tern with early (≤ 20  min) or midpoint (≤ 40  min) peak 
uptake followed by constant decline or plateau is more 
frequently associated with true progression.18,24–28,31,35 
This is a property unique to [18F]FET because its kinetics 
in brain tumors appear to have the highest longitudinal 
stability and is not observed in other AA tracers such as 
[11C]MET or [18F]FDOPA.44,45 Kebir et  al. demonstrated 
100% specificity in identifying true progressions using 
these two TAC patterns. Pseudoprogression, reactive 
gliosis, and benign tissues are associated with TAC pat-
tern with a constantly increasing [18F]FET uptake without 
identifiable peak. Suchorska et al. 2015 and 2018 found 
that a change in TAC from decreasing to increasing was 
associated with longer PFS compared with those who 
remained decreasing; similarly, those who remained 
increasing had longer PFS than those changed from 
increasing to decreasing, indicating that dynamic [18F]
FET-PET may be of importance in prognosis and treat-
ment response assessment.24 Interestingly, in an earlier 
study Piroth et al. 2013 reported that changes in dynamic 
parameters of [18F]FET uptake before and after RCT-TMZ, 
including changes in TTP and the slope of TAC, showed 
no relationship with survival time, suggesting that dy-
namic [18F]FET-PET did not provide additional prognostic 
information during RCT-TMZ. However, Suchorska et al. 
pointed out that this was likely a result of difference in 
methods.24 For dynamic analysis, Piroth et  al. defined 
the region of interest (ROI) as the target volume of ra-
diotherapy, whereas Suchorska et  al. implemented au-
tomatic definition of ROI on each slice using a 90% 
threshold. Therefore, the definition of ROI is important 
in dynamic AA PET analysis. In a later study by Werner 
et al., TTP again demonstrated additional value in the di-
agnosis of pseudoprogression when combined with TBR, 
increasing the specificity and positive predictive value to 
100%.28 Overall, dynamic analysis using [18F]FET appears 
to increase the efficacy of AA PET in predicting treatment 
outcome and diagnosing pseudoprogression.

Limitations

This review was limited by the relatively small number of 
studies and the difficulty in delineating the effect of TMZ 
from other treatments in studies that utilized combined 
treatment modalities, such as RT and other chemotherapy 
agents.18–24,35 Several studies did not specify the use of TMZ 
or imaging timeline in relation to TMZ treatment and were 
therefore not included in this review.46 There have been 
discussions regarding the effect of TMZ on physiologic AA 
uptake in the brain and other factors, such as gender, BMI, 
and use of dexamethasone, that should be taken into ac-
count in the calculation of TBR.33,47–49 However, few studies 
in this review accounted for these variabilities. Utilization 
of AA PET in a clinical setting faces logistical challenges 
such as limited access, lack of officially approved indica-
tions, and difficulty receiving insurance reimbursement. 

However, recent endorsement by the RANO working group 
has increased the momentum for the adoption of AA PET 
on a larger scale.50 Additionally, [18F]FET was recently 
granted Orphan Drug Designation by the FDA for the PET 
imaging of glioma, signifying a promising step toward rou-
tine use of AA PET in clinical care.51

Conclusion

AA PET has demonstrated ability to predict patient sur-
vival in both HGG and LGG patients treated with TMZ 
therapies. AA PET imaging reveals metabolic changes 
in response to TMZ that occur earlier than morpholog-
ical changes seen on conventional MRI. Therefore, AA 
PET provides a more timely indication of true tumor 
progression or treatment response. When longitudinal 
imaging is available, a post-treatment decline in TBR 
that meets a threshold extent correlates well with treat-
ment response to TMZ therapy, especially early after 
treatment. Another useful static parameter is change 
in AA PET tumor volume, although Tvol may not detect 
response as early as does change in TBR. Most studies 
agree that dynamic AA PET, particularly the TAC pat-
tern, may provide additional prognostic and diagnostic 
value, especially in differentiating true progression from 
treatment-induced changes, such as reactive gliosis and 
pseudoprogression. Dynamic parameters such as TTP 
and slope of TAC are less studied. Further assessment 
involving pre- and post-treatment dynamic AA PET im-
aging is needed, along with exploration into what might 
cause the tumor AA tracer uptake pattern. While AA PET 
has been used to assess treatment response to RCT-TMZ 
in HGG patients, fewer studies exist for extended adju-
vant TMZ. To investigate the feasibility of using AA PET 
to aid in the decision of when to terminate extended ad-
juvant TMZ, more studies are warranted. Furthermore, 
as AA PET has expressed potential in treatment moni-
toring in LGG patients treated with TMZ chemotherapy, 
more studies of its kind may help establish a standard 
protocol and alleviate the controversy that currently 
exists with LGG treatment.
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