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Abstract

Background. Currently, bevacizumab (BEV), an antiangiogenic agent, is used as an adjunctive therapy to
re-irradiation and surgery in patients with recurrent high-grade gliomas (rHGG). BEV has shown to decrease en-
hancement on MRI, but it is often unclear if these changes are due to tumor response to BEV or treatment-induced
changes in the blood brain barrier. Preliminary studies show that amino acid PET can aid in distinguishing these
changes on MRI.

Methods. The authors performed a systematic review of PubMed and Embase through July 2020 with the search
terms ‘bevacizumab’ or ‘Avastin’ and ‘recurrent glioma’ and ‘PET, yielding 38 papers, with 14 meeting inclusion
criteria.

Results. Thirteen out of fourteen studies included in this review used static PET and three studies used dynamic
PET to evaluate the use of BEV in rHGG. Six studies used the amino acid tracer ['®F]FET, four studies used [""CIMET,
and four studies used ['8F]FDOPA.

Conclusion. ['8F]FET, [""C]MET, and ['®F]JFDOPA PET in combination with MRI have shown promising results for
improving accuracy in diagnosing tumor recurrence, detecting early treatment failure, and distinguishing between
tumor progression and treatment-induced changes in patients with rHGG treated with BEV.

Key Points
1. PET can help distinguish between true and pseudoresponse to BEV in recurrent glioma.

2. PET can determine BEV treatment failure earlier than MRI in recurrent glioma.

response.®® Rather, MRI contrast-enhancement is a nonspecific
result of vascular permeability of contrast agent (eg, gadolinium)

Background

MRI s the clinical imaging modality in glioma patients at all stages
of disease.' The standardized MRI-based criteria for response as-
sessment in neuro-oncology (RANO) includes quantification
of contrast-enhancement in each of the 4 disease categories:
complete or partial response and stable or progressive dis-
ease.? As reported in a multitude of publications, MRI contrast-
enhancement is an unreliable marker for tumor size or treatment

that is also influenced by corticosteroids, antiangiogenic agents
like bevacizumab (BEV), and immunotherapy agents."#The most
recent RANO update stated that the presence of “significant”
enlarging areas of nonenhancing tumor on T2-weighted/FLAIR
may be observed following radiation, demyelinating disease,
ischemic injury, and cerebral edema, but may not be precisely
quantified as an increase size of T2/FLAIR."
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Owing to the poor prognosis of recurrent gliomas in
general and considering the limitations of MRI in assess-
ment of recurrent glioma, an evidence-based recom-
mendation for the use of PET imaging in gliomas was
published by RANO-PET and European Association of
Neuro-Oncology (EANOQO) in 2016.> Common treatment
modalities in the setting of recurrent high-grade glioma
(rHGG) often include re-irradiation and consideration of ad-
ditional chemotherapeutic agents such as BEV.” BEV is an
antiangiogenic therapy added to the treatment regimen to
normalize tumor vasculature and reduce vascular permea-
bility of immature blood vessels supplying the tumor.8 BEV
has been shown to increase the overall survival (OS) and
progression-free survival (PFS) in some studies in recur-
rent glioblastoma (GBM); however, this is still disputed.®'°
This therapy is known to decrease tumor enhancement on
MRI, irrespective of the tumor’s sensitivity to the drug (ie,
pseudoresponse).

However, as alluded to above, in some patients, it may
be unclear on standard MRI alone if the decreased en-
hancement and cerebral edema is due to the tumor’s
sensitivity to BEV (true response) or rather a treatment-
induced change in the blood-brain barrier (BBB) causing
a decrease in contrast extravasation (pseudoresponse).3”"
Furthermore, as the BEV-associated decrease in contrast-
enhancement on MRI may occur along similar timepoints
for pseudo- and true responders alike, early differentiation
between these two clinical scenarios is of the utmost im-
portance. More recently, physicians have utilized amino
acid PET (AA PET) in addition to standard and/or perfusion
MRI to help differentiate between treatment response and
pseudoresponse at treatment onset.”"-13

Independent of the integrity of the BBB, AA PET is a form
of molecular imaging that relies on relative differences
in the intracellular active uptake of radiolabeled amino
acid tracers through the L (large) amino acid transporter
system (LAT1 and LAT2).'3' LAT1 has been shown to have
increased expression in high-grade gliomas, which sug-
gests that the images produced through AA PET reflect
live proliferating cells rather than structural changes.'*'s
Methionine, L-DOPA, and L-tyrosine are specific substrates
for the LAT1, which make radiolabeled tracers derived
from these amino acids, O-(2-'8F-fluoroethyl)-L-tyrosine
(['®F]FET),  "C-methyl-L-methionine  (["CIMET), and
3,4-dihydroxy-6-['8F]-fluoro-L-phenylalanine (['®F]FDOPA),
ideal choices for PET scans. "> In HGG tissue samples,
the uptake of ["CIMET and ['®F]FDOPA significantly corre-
late to increased expression of LAT1.1516

The utility of each tracer in clinical practice is largely de-
pendent on its unique chemical properties. Because of the
short half-life (z, = 20 min) of methionine’s isotope label,
["C], the rapid decay of the tracer limits the ability to trans-
port it from outside facilities.® This means that studies
utilizing this amino acid tracer require the presence of an
onsite cyclotron unit, which is not readily available at all
clinical centers with PET imaging capabilities.® ["8F]FET
and ['®F]FDOPA are both labeled with the isotope ['8F],
which has a much longer half-life (£, = 109 min), making
these two tracers feasible for implementation in cen-
ters housing an offsite nuclear pharmacy.® However, ['8F]
FDOPA is regarded as a difficult tracer to synthesize, which

may contribute to the increasing use of ['®F]FET for HGG in
research studies.'® Because of these properties, ["CIMET,
['8F]FET, and ['8F]FDOPA are currently being used to eval-
uate tumor response to BEV in the treatment of recurrent
gliomas.

In general, treatment response on AA PET is first as-
sessed by measuring the metabolically active tumor de-
fined by the tumorto-normal brain ratio (TBR) in the
pretreatment phase. Once determined and treatment has
been initiated, demonstration of overall reduction in met-
abolically active tumor volume on repeat amino acid PET
to a predefined threshold is consistent with treatment re-
sponse. Multiple recent studies have shown that AA PET
may be used to diagnose BEV treatment failure at an
earlier timepoint than standard MRI, which may afford
earlier patient-specific treatment changes.'319:20

In this systematic review, we describe the current knowl-
edge comprising AA PET, specific to the tracers ["8F]FET,
["CIMET, and ['8F]FDOPA, in the setting of rHGG treated
with BEV. Our objective is to demonstrate the diagnostic
and prognostic advantages of using AA PET in conjunction
with MRI to evaluate BEV-induced changes in recurrent
glioma.

Literature Search
Search Strategy and Eligibility Criteria

Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines were utilized to con-
duct a systematic review of studies utilizing AA PET in
patients with recurrent glioma. A search of PubMed and
Embase databases was conducted through July 15, 2020
using the following terms: “bevacizumab” OR “Avastin”
AND “recurrent glioma” AND “PET" The following inclu-
sion criteria were utilized: (1) studies must include patients
who underwent PET scans with ["8F]FET, [""CIMET, or ['8F]
FDOPA, (2) at least one patient was diagnosed with a re-
current glioma, and (3) patients were treated with BEV.
Studies were excluded if the previously mentioned amino
acid tracers were not used, if the patients evaluated were
newly diagnosed glioma patients, if the paper did not
focus on the effect of BEV, or if the study was a narrative
or systematic review, meta-analysis, commentary, animal
study, letter to the editor, or editorial and did not contribute
original research. Studies were also excluded if the PET
scans were not compared to MRI. Articles that were not ac-
cessible in English or able to be translated were also ex-
cluded. See Figure 1 for detailed screening and exclusion
of studies.

Data Extraction and Quality Assessment

The first author, year of publication, number of patients,
type of tracers utilized, treatment regimen including fre-
quency of BEV, types of imaging, and measurement out-
comes for the included studies were extracted, reviewed,
and agreed upon by 2 reviewers. The primary outcomes
of interest were amino acid uptake measures (see detailed
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definitions of uptake measures in Table 1). Secondary out-
comes of interest included any measures of diagnostic
accuracy of AA PET. Studies were assessed for quality
and overall level of evidence using the Oxford Center for
Evidence Based Medicine (OCEBM) criteria.?' Studies
with appropriate blinding measures, utilization of an MRI-
reference standard, and applicability of the treatment
group to this systematic review were evaluated as major
factors for quality assessment, in addition to study design.

Review of Studies

The literature search yielded 35 papers, 11 of which met cri-
teria for inclusion in this review (Figure 1). Three studies
(Galldiks et al. 2018, Beppu et al. 2019, and Deuschl et al.
2017) were identified through other sources and met the
criteria of our review. Of the 14 studies included in this lit-
erature review, 4 evaluated the tracer [""C]MET, 6 evaluated
the tracer ['8F]FET, and 4 evaluated the tracer ['®F]IFDOPA.
The number of patients included in each study ranged
from 1 to 57. The majority of the studies (13 studies, 93%)
evaluated tumor recurrence with static measurements like
standardized uptake values and tumorto-normal brain
ratios (SUV and TBR, respectively), while only 3 studies
(21%) used dynamic measurements of amino acid tracer
uptake, like time-activity curves, and time-to-peak min-
imum (TAC and TTP,, , respectively). The results of each
study included in our literature review are summarized in
Table 2.

[18F|FET

['8F]FET was used in 6 studies that met criteria for inclusion.
Hutterer et al. evaluated the use of ['8F]FET in 6 patients
with rHGG who received biweekly BEV plus irinotecan
(IR).’® This study found that response on MRI or ["®F]FET-
PET (as defined as meeting RANO criteria on MRI or reduc-
tion of SUV by 45%) could independently predict longer
PFS in patients than nonresponders on either imaging mo-
dality.’® However, patients that demonstrated response on
['8FIFET-PET had a longer PFS than those who were RANO
responders on MRI, although this was not statistically sig-
nificant.’® In the 4 patients (36%) that were categorized as
MRI responders but ['®F]FET-PET nonresponders, tumor
progression was detected earlier on ['®F]FET-PET than MRI,
with a mean time benefit of 9 weeks." For the rHGG pa-
tient, detecting recurrence 9 weeks earlier is likely to be
impactful for some patients. Additionally, long-term sur-
vivors (those surviving longer than 6 months) had a sta-
tistically significant decrease in tumor volumes relative
to short-term survivors (patients who survived less than
6 months) as detected on ['®F]FET -PET.'® Hutterer et al.
concluded that ['®F]FET-PET was superior in determining
treatment response to BEV and detecting treatment failure
earlier than MRI, suggesting ['®F]FET -PET may be benefi-
cial in monitoring BEV therapy.'®

Bashir et al. retrospectively evaluated 146 patients
who had undergone ['®F]FET-PET for comparison to his-
topathology interpretations, of which 50 were treated
with BEV as a second-line treatment.?? ["8F]FET uptake

measures were higher in patients with recurrent glioblas-
toma versus post-treatment changes, with aTBR __of 3.2
versus 1.6, a TBR . of 2.0 versus 1.6, and a metaboli-
cally active tumor volume of 14.8 cm3 versus 0.01 cm? (P
<.0001).22The authors demonstrated that ["8F]FET uptake
could accurately differentiate tumor recurrence from late
post-treatment changes using TBR_ with a sensitivity
of 99% and specificity of 94%, resulting in an overall di-
agnostic accuracy of 99%.22 If reproducible, this would
greatly improve the diagnostic accuracy beyond MRI
alone in this setting.

George et al. conducted a prospective study of the use
of static ["8F]FET-PET compared to MRI in 11 patients with
rHGG treated with BEV.?3 Participants underwent MRI and
['8F]FET-PET scans before treatment and approximately
4-5 weeks after initiation of BEV.22 On MRI, the enhancing
tumor volume was significantly decreased after treat-
ment, although total tumor volume was not significantly
decreased.?® However, with ["8F]FET-PET, the mean tracer
uptake was significantly decreased for both the enhancing
tumor and the entire tumor.?® This study found that pa-
tients with post-to-pretreatment mean ['8FIFET-PET SUV
ratio greater than 0.7 (90th percentile) had a significantly
shorter OS and PFS.% In other words, increased mean
SUV following BEV was suggestive of treatment failure.
Additionally, patients had a lower PFS and OS if the corre-
lation between enhancement on MRI and ["8F]FET uptake
increased after treatment.?3

Galldiks et al. 2018 determined the parameters of ['¢F]
FET-PET and MRI that distinguished patients treated
with BEV plus lomustine (LOM) who survived more than
9 months after recurrence of HGG (responders) than those
who did not (nonresponders).?* This study used the cutoff
of OS > 9 months as the definition for response to BEV/
LOM therapy because it was the same criteria that the
BELOB trial used, which found that rHGG patients that
were treated concurrently with BEV and LOM had an in-
creased OS than those treated either agent alone.?*® After
segregating and analyzing MRl and ['®F]FET-PET data from
responders versus nonresponders, they found that pa-
tients in the “responders” group had approximately 27%
decrease in ['8F]FET uptake at follow-up compared to base-
line, and smaller absolute MTV on follow-up compared
to the “non-responders” group; Both of these statistics—
MTV reduction and absolute MTV —significantly differen-
tiated responders from nonresponders, with P =.036 and
P =.001, respectively.?* Interestingly, RANO categorization
of disease progression and response on MRI did not signifi-
cantly differentiate responders from nonresponders.?* One
notable difference between Galldiks et al. 2018 and many
other "8F]JFET-PET studies in this review is that Galldiks
et al. 2018 defined “response to BEV” as a discrete time
(9 months), whereas most other studies categorized BEV
response as a reduction of tracer uptake. Additionally, the
goals of Galldiks et al. 2018’s study focused on determining
different ['®F]FET-PET parameters that predicted long
term overall survival, whereas the primary goal of many
other studies was to differentiate true BEV response from
pseudoprogression. Because of this difference in study de-
sign, Galldiks et al. 2018 only used the quantitative meas-
urement of OS rather than OS and PFS; the authors argued
that PFS is less reliable measurement than OS because of
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Figure 1. PRISMA flow diagram for amino acid PET studies.

the limited ability to definitively distinguish true treatment
response to BEV from pseudoresponse.?*

Galldiks et al. 2013 expanded upon Hutterer’s findings in
a prospective study evaluating ["8F]FET-PET in 10 rHGG pa-
tients prior to and after 5 weeks of biweekly BEV/IR treat-
ment compared to MRI alone.” Treatment response was
determined by a reduction > 45% of metabolically active
tumor volume. The active tumor component was defined
as TBR of greater than or equal to 1.6. Among the 10 pa-
tients in this cohort, MRI did not detect tumor progres-
sion. ['8F]FET-PET revealed 6 metabolic responders and 4
nonresponders. Initial response on ['®F]FET-PET was pre-
dictive of longer PFS (median PFS, 9 vs 3 months; P=.001)
and OS (median OS 23.0 months vs 3.5 months; P=.001)."
Among the 4 patients whose MRI did not meet RANO cri-
teria for tumor progression, ['8F]FET-PET was able to de-
tect treatment failure earlier than MRI alone with a median
time benefit of 10.5 weeks, similar to the time benefit of
9 weeks reported by Hutterer et al.’®* AlthoughTBR__ as a

single point was not predictive of survival, a decrease in
TBR,,,. greater than 17% differentiated long-term survivors
from short-term survivors.” Additionally, when comparing
tumor volumes of long-term survivors with short-term sur-
vivors, Galldiks et al. 2013 found that long-term survivors
had decreased mean ["®F]FET-PET tumor volumes (as
seen in Hutterer et al.). The authors also evaluated tumor
kinetics with TAC and TTP, respectively on dynamic ['éF]
FET-PET. In order to identify responders on dynamic ['8F]
FET-PET, Galldiks et al. 2013 utilized the following criteria:
(1) an increase in TTP from baseline to follow up greater
than or equal to 10 min, (2) a baseline TTP greater than
25 min, and (3) a kinetic pattern of either a SUV peak at the
end of the study or a peak in the middle of the study fol-
lowed by a plateau or slow descent afterward.” A kinetic
pattern characterized by an early peak of ['8F]FET followed
by a constant and progressive descent was more com-
monly observed in nonresponders (P = .018). Responders
in this study met at least 2 of the 3 criteria and Galldiks
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Commonly

Used Definitions

PFS

(OS]

SuUv

Normal, or
nontumor SUV
(SUVnorm_aI)
(alternatively
known as tumor
VOI)

TBR or SUV of
tumor/Normal-
suv,,

BTV or MTV

MeanTBR (tbr

mean)
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Definitions of Commonly Used Parameters in AA PET Studies

Calculated as time from the beginning of BEV therapy to the first scan showing
progression of disease.

Time from beginning BEV therapy until date of death or last follow-up.

Note: Fleischmann et al., 2017 used post-recurrence survival, defined as time
from initiation of radiation therapy with concomitant BEV until last follow-up or
death. Hutterer et al., 2011 used a similar definition and termed it recurrent OS
(rOSs).

Another variation reported by Galldiks et al., 2013 is total OS (tOS), defined as
the standard OS or time from first diagnosis of tumor to death.

Calculated by adjusting activity concentration by the dose given and patient’s
weight (injected activity/body weight).

Note: Fleischmann et al., 2017 used early summation images to find ROls with
increased FET uptake, which aided in extraction of TACs for dynamic analysis.

Calculated by outlining one or multiple ROls of normal brain parenchyma in the
contralateral hemisphere and determining the tracer uptake in this region.
Note: George et al., 2018 used VOI to characterize tumor volume, however the
definition is synonymous with SUV

A comparison of the amount of amino acid tracer uptake (therefore meta-

bolic activity) of the tumor (SUV, ) to the apparently normal brain tissue
(SUV, ;ma)- Most studies used the threshold TBR greater than or equal to 1.6.
Deuschl et al., 2017 used a threshold ratio of 1.3. Schwarzenberg et al., 2014
usedTBR_ of 1.5. Fleischmann et al., 2017 used aTBR _ of 1.8.

Harris et al., 2012 used a 95% confidence interval to determine which voxels
had significant increases to calculate TBR, which they referred to as PRM.

Note: Beppu et al, 2016 and 2019, and George et al., 2018, used the same meas-
urement as above but used the terms SUV_, and voxel-wise Spearman’s corre-
lation coefficient, respectively.

Volume of metabolically active tumor greater than the threshold determined by
TBR. Most studies used the threshold TBR greater than or equal to 1.6.

The meanTBR is the average tracer uptake above the TBR threshold, therefore,
it is the average BTV.

Studies Referenced

Beppu et al., 20167

Beppu et al., 2019%7

Deuschl et al., 201726
Galldiks et al., 2013™
George et al., 201823

Harris et al., 201228

Hutterer et al., 20113
Schwarzenberg et al., 20142°
Wardak et al., 20143

Bashir et al., 201922

Deuschl et al., 201726
Fleischmann et al., 20172
Galldiks et al., 2013"
George et al., 201823

Harris et al., 201228

Hutterer et al., 20113
Schwarzenberg et al., 20142°
Wardak et al., 201430

Beppu et al., 20167

Beppu et al., 2019%7
Deuschl et al., 201726
Fleischmann et al., 2017%°
Galldiks et al., 2013
Garcia et al., 20152
George et al., 201823
Harris et al., 201228
Humbert et al., 20192°
Hutterer et al., 201113
Schwarzenberg et al., 20142°
Wardak et al., 20143

Bashir et al., 2019%2

Beppu et al., 20167

Beppu et al., 2019%7

Galldiks et al., 2013"
Galldiks et al., 201824
George et al., 201823

Harris et al., 201228
Humbert et al., 20192°
Hutterer et al., 20113
Schwarzenberg et al., 20142°

Bashir et al., 201922

Beppu et al., 20167

Beppu et al., 2019%7

Deuschl et al., 201726
Fleischmann et al., 201725
Galldiks et al., 2013"
Galldiks et al., 201824
George et al., 201823

Harris et al., 201228
Schwarzenberg et al., 2014%°

Bashir et al., 2019%2
Beppu et al., 20167

Beppu et al., 2019%7
Deuschl et al., 201726
Fleischmann et al., 201725
Galldiks et al., 2013
Galldiks et al., 201824
George et al., 201823
Harris et al., 201228
Humbert et al., 20192°
Hutterer et al., 20113
Schwarzenberg et al., 20142°

Beppu et al., 20167

Galldiks et al., 2013"
Galldiks et al., 201824
Schwarzenberg et al., 2014%°
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Table1. Continued

Commonly
Used Definitions

MaxTBR (TBR

9l
" normal brain parenchyma (SUV

Tumor reduction

equal or greater than 45%.

Calculated by the max SUV of the lesion (SUV

lesion

) A ) contralateral normal brain tissue
5-40 min after injection of the tracer, depending on study methodology.

Threshold used to determine if the metabolically active tumor volume had sig-
nificantly decreased. Most studies qualified this as tumor volume reduction of

Studies Referenced

) divided by the mean SUV of
). Determined by images

Beppu et al., 20167
Fleischmann et al., 201725
Galldiks et al., 2013™
Galldiks et al., 201824
Schwarzenberg et al., 20142°

Galldiks et al., 2013™
Hutterer et al., 20113

TAC) Graph of the amount of tracer uptake in a specific tissue in relationship to the Fleischmann et al., 2017%
time since the injection of the tracer. Galldiks et al., 2013™
Wardak et al., 20143

TTP Time between beginning of “dynamic acquisition” to the max SUV of the Fleischmann et al., 2017%

tumor. Alternatively described as the starting time frame plus half of the frame

duration.

Galldiks et al., 2013™

BEV = bevacizumab; BTV = biological tumor volume; 0S = overall survival; PFS, progression-free survival; MTV = metabolic tumor volume;
PRM = parametric response maps; ROl = regions of interest; SUV = standardized uptake value; TAC = time activity curve; TBR = tumor-to-

background ratio; TTP = time to peak; VOI = volume of interest.

et al. 2013 calculated that these criteria had a sensitivity of
100% and specificity of 75%."

Fleischmann et al. analyzed the results of pre-irradiation
dynamic ['®F]JFET-PET imaging in a larger retrospective
study of 72 rHGG patients.?® Seventy-nine percent of these
patients were concurrently treated with BEV therapy, how-
ever, follow-up ["®FIFET-PET scans were only obtained
in patients demonstrating MRI changes after radiation.?®
Unlike Hutterer et al. and Galldiks et al. 2013, Fleischmann
et al. did not compare pretreatment ['8F]FET-PET scans to
post-treatment scans, and did not specifically compare the
presence of BEV treatment with results of the PET scan.?®
The authors also found that static measurements of ['8F]
FET uptake on the pretreatment ["®F]FET-PET scan could
not predict length of post-recurrence survival; specifically,
TBR,,, at pretreatment was not correlated with survival
length.?® This is consistent with Galldiks et al. 2013's con-
clusion that TBR__ alone could not predict OS or PFS.™%
When evaluating the dynamic measurements, tumors
with an early TTP_, (<12.5 min) had a statistically signifi-
cant decreased survival than those who had a later TTP .
(P =.027) and suggested that this difference in tumor ki-
netics could be used to determine the most aggressive
areas within the tumor.?®> As others have demonstrated
earlier detection of recurrence on ["8F]FET-PET than MRI
alone, this study suggests that ["®F]IFET-PET may provide
still valuable diagnostic information even when obtained
at suspected recurrence.

[M!CIMET

With regard to BEV response assessment, [""CIMET-PET
has been reported in 4 studies in patients with rHGG.”'2
Deuschl et al. explored how ["CIMET-PET and MRI could
be used to evaluate the response to BEV (with or without
LOM) treatment of rHGG. Like many other studies, re-
sponse to therapy on MRI was defined by RANO criteria

whereas response on ['""CIMET-PET was monitored using
T/N ratios. Of 11 patients, 6 were categorized as partial re-
sponse on MRI and of these 6 patients, 4 were considered
["CIMET-PET responders. The 2 patients partial response
on MRI that did not show response on [""CIMET-PET were
categorized as pseudoresponders.?® Four patients had
stable disease and out of these patients, 2 were [""CIMET-
PET responders; the other 4 patients were nonresponders
on ["CIMET-PET. PFS and OS was predicted by reduction of
T/N of greater than 25% on C-MET and the RANO classifi-
cation of tumor response on MRI.?6 Deuschl et al. proposed
that the rHGG should be evaluated via RANO criteria on
MRI as well as determining theT/N ratio with PET; if the T/N
ratio is greater than 1.6, treatment response should be de-
termined by the results of the PET scan, while if T/N is less
than 1.6, treatment response should be determined based
on RANO criteria.?®

As seen with ['8F]FET-PET, the ability to differentiate
pseudoprogression from BEV true response is also a major
focus with the AA PET tracer [""CIMET-PET. In a case study
of a 60-year-old female with recurrent multifocal GBM re-
ceiving BEV treatment, MRI was suggestive of increasing
tumor volume; however, a ["CIMET-PET scan showed
that the metabolic activity was normalizing, therefore re-
sponding to the BEV therapy.'? From this, Garcia et al.
concluded that the progression on MRI was most likely
pseudoprogression due to the changes in the BBB after
treatment.'?

This was expanded on in a pilot study of ["CIMET-PET
compared to MRI alone in patients with rHGG treated with
BEV. Beppu et al. 2016 found that when evaluating the re-
sponse of BEV therapy on MRI, patients who responded on
MRI at 4 weeks or at 8 weeks had a longer PFS than those
who did not respond on MRI.” When evaluating the results
of ["CIMET-PET alone, patients who had a lower TBR at 8
weeks than at baseline had longer PFS than those patients
who had a higher TBR at 8 weeks compared to baseline.’
Additionally, patients who responded on ["CIMET-PET at
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8 weeks had a significantly longer PFS than those who did
not respond on [""C]MET-PET at 8 weeks.” When comparing
MRI alone to MRI with [""CIMET-PET, Beppu et al. 2016 found
that patients who responded on both modalities at 8 weeks
(true responders) had a longer PFS than patients who only
demonstrated MRI response (pseudo-responders).’

Beppu et al. 2019 investigating the treatment response
to BEV in rHGG using Arterial Spin Labeling perfusion im-
aging (ASL) and ["CIMET-PET to see if the different mo-
dalities of imaging were comparable. If the patient was
above the median length of PFS (127 days), he or she was
considered a long PFS patient.?’” On ["C]MET-PET, Beppu
et al. 2019 observed that at 4 weeks, the AA PET tracer
may have a decrease in uptake followed by an increase in
tracer uptake at 8 weeks.?’The regions of the tumor with
the most blood flow correlated to the area of highest tracer
uptake on the [""CIMET-PET scan.?’ Additionally, values of
T/N ratio, changes in T/N ratio and tumor volume on ASL
and ["CIMET-PET both correlated, however, the most ac-
curate predictor of long PFS was the T/N ratio at 8 weeks
follow-up.?’

[18F]FDOPA

['8F]FDOPA was utilized in 4 studies, two of which addi-
tionally utilized the PET tracer ['8F]-3'-deoxy-3'-fluoro-L-
thymidine (['®F]FLT), a nucleoside analog that indicates
DNA synthesis.?%28-30 The two studies that discussed ['8F]
FDOPA alone were both prospective and nonrandomized
studies.?%?® Humbert et al. used ['®FIFDOPA-PET to as-
sess rHGG in 12 patients and residual disease response
versus progression in 53 patients with primary low-grade
glioma.?® Among glioma patients, the STUPP 3' protocol
was utilized as first-line treatment, though BEV was used
in 18 patients.?? The objective of this study was to evaluate
the diagnostic accuracy of ['®F]JFDOPA-PET in these patient
populations by comparing the post-BEV ['8FIFDOPA-PET
diagnosis determined by case discussion during tumor
board with the final diagnosis as determined by either pa-
thology or clinical follow-up at 3 months post-PET.?° A third
of patients with suspected rHGG (4/12) had a change in the
care plan after the tumor board reviewed the patient’s ['8F]
FDOPA-PET results, with most of the changes in treatment
course involving switching to or adding a new therapy
(3/4).2°This study also appraised the impact of ['®F]FDOPA-
PET on patient treatment plans by comparing the diag-
nosis as determined by tumor board discussions of MRI
findings to the diagnosis as determined by conclusions
drawn from pre- and post-treatment ['®FJFDOPA-PET in ad-
dition to MRI.?° Notably, the diagnostic accuracy was most
improved in those with suspected rHGG, as conclusions
drawn from MRI alone resulted in 1 false-positive and 3
false-negative diagnoses.?® In summary, incorporation of
['8F]FDOPA-PET findings into tumor board discussion of
patients with suspected rHGG resulted in a change in diag-
nosis and treatment plan in 33.3%.2°

Schwarzenberg et al. studied the impact of ['8F]
FDOPA-PET with and without MRI on PFS and OS in 30
patients with rHGG after BEV therapy.?° In this study,
['8F]FDOPA-PET was performed prior to BEV treatment
and again at 2- and 6-week intervals following BEV.?°

The authors found that reduction in absolute metabolic
tumor volume (MTV) on ['®F]FDOPA-PET at the 2-week
timepoint predicted increased OS (P < .0001) and PFS
(P=.001).2° Patients with treatment response as assessed
by absolute MTV by ['®FIFDOPA-PET at 2 weeks also had
a median OS that was 3.5 times longer than those who
failed to demonstrate a response (P < .001).2° Treatment
response was assessed by MRI at 6 weeks by change in
tumor volume, which significantly predicted OS (P =.01)
and PFS (P < .001), with MRI responders having a me-
dian OS 1.5 times that for MRI nonresponders (P =.03).2°
Although both MRI and ['8F]FDOPA-PET were able to sig-
nificantly predict treatment response, it is important to
note that treatment response was discordant for 8 pa-
tients in this study.?® Six patients demonstrated either
a partial response or stable disease on MRI without a
corresponding response demonstrated on ['8F]FDOPA-
PET.?2° The median OS for this group was 3.4 months,
suggesting that the lack of response on ['8FJFDOPA-PET
was predictive of treatment failure in as early as 2 weeks
after beginning treatment despite reassuring MRI find-
ings.?® Two patients demonstrated ['8F]FDOPA-PET re-
sponse but suggested disease progression on MRI, with
survival of 9.5 and 12 months in each patient.2’ This is
consistent with the notion that the metabolic activity
provided by ['®F]FDOPA-PET imaging is more consistent
with the current disease state than MRI alone.

Two studies utilized ['8F]JFDOPA in conjunction with
['8FIFLT-PET. Although ['8F]FLT-PET is not an amino acid
tracer and therefore beyond the scope of this review,
both studies met the inclusion criteria for this review
due to their use of ['®F]JFDOPA to evaluate patients with
rHGG treated with BEV. Because of this, the authors
have reported the significant findings related to the ['8F]
FDOPA data and limited the mention of ['®F]FLT -PET to
only the most crucial points to accurately represent the
study. Harris et al. evaluated the prognostic value of ['8F]
FDOPA and ["®F]FLT-PET in predicting BEV response in
HGG by creating parametric response maps (PRM), which
demonstrated SUV changes in both amino acid tracers
in a voxel-wise manner.?® Receiver operating character-
istic (ROC) curve analysis for ['"8F]FDOPA volume change
between pre- and post-treatment PRMs predicted PFS
at 3 months with a sensitivity of 75% and specificity of
70% (P = .0110).28 ['8F]FDOPA also significantly predicted
6-month OS by comparing volume fraction of increasing
tracer uptake between the 1-2 week and 5-7 week post-
treatment time points, with a sensitivity of 91% and speci-
ficity of 83% (P=.0271).28

Wardak et al. evaluated dynamic ['®F]JFDOPA-and ['8F]
FLT-PET 1 week prior to and at 2 and 6 weeks after initiating
biweekly BEV/IR to predict OS using multiple linear re-
gression (MLR) analysis in patients with rHGG.3® Changes
in kinetic parameters when combined with kinetic param-
eter values as determined by the MLR model were more
predictive of OS than the kinetic parameter values or their
changes alone.®*The MLR model was also more predictive
of OS when using ['®F]FLT-PET versus ['®F]FDOPA (R? = 0.82
and R? = 0.41, respectively), but was most predictive of OS
when it utilized parameters from both ['8F]FLT and ['8F]
FDOPA (R? = 0.83).%°
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Summary

Summary of AA PET Use in BEV-Treated
High-Grade Glioma

MacDonald et al. first outlined response criteria specific
to GBM in 1990, establishing the modern basis for classi-
fying complete versus partial response and stable versus
progressive disease.®? Imaging was a fundamental com-
ponent of this criteria, providing more objective data than
a patient’s clinical appearance alone.?? Today, the RANO
criteria continually build upon the criteria MacDonald
originally outlined to make the guidelines more objec-
tive and standardized.* However, the balance between
standardized guidelines and flexible diagnostic and treat-
ment protocols can be elusive, especially in complex dis-
ease processes such as GBM. The RANO criteria relies
heavily on MRI findings such as contrast enhancement,
T2-weighted and FLAIR imaging changes, and further char-
acterized measurable versus nonmeasurable disease.?*
Despite these advancements, limitations of MRI, such as
pseudoprogression and pseudoresponse, are inherent
to the RANO criteria.* Antiangiogenic chemotherapeutic
agents, such as BEV, are prone to affect contrast enhance-
ment on imaging with variable actual tumor treatment re-
sponse regardless of MRI changes.

The literature suggests that amino acid PET can provide
additional valuable information about treatment response
and prognosis that MRI cannot provide. Specifically, AA
PET is helpful in monitoring treatment response to BEV in
patients with rHGG. Multiple studies showed that response
to treatment detected on ['®F]FET-PET were predictive of
increased OS and PFS in patients with rHGG treated with
BEV."13 When there were discordant responses between
MRI and PET, ['®F]FET-PET was able to determine BEV treat-
ment failure at an earlier timepoint than MRI (9-10.5 weeks
prior to MRI changes), which is of upmost importance
when an early change in a failed treatment may be benefi-
cial to patient survival and prognosis.”'3

AA PET can also aid in diagnosis and treatment plans
for patients with suspected rHGG. One study showed
that when a tumor board was shown AA PET in conjunc-
tion with MRI rather than MRI alone, they had a change
in diagnosis or treatment plan in one third of the pa-
tients.?® Furthermore, a study in Germany evaluated the
effectiveness of using ['8F]FET-PET with MRI in rHGG pa-
tients treated with BEV/IR and found that adding ['®F]FET-
PET increased the rate of correct diagnoses of rHGG by
41%.% This is advantageous because it may help avoid
unnecessary treatments, procedures, or adverse drug
reactions.

On a molecular level, AA PET can be advantageous for
monitoring tumor progression regardless of changes in
the BBB, including postirradiation changes.This is because
PET relies on the metabolic activity of tissue rather than
changes in BBB permeability, as detected on MRI.534 This
is reflective of increased expression of L (large) amino acid
transporters (LAT1 and LAT2).3 For example, in the setting
of temozolomide, AA PET can be useful in differentiating
tumor growth from pseudoprogression on MRI which is
observed in 20%-30% of cases.3® Pseudoprogression may

be difficult to diagnose on MRI alone which may result in
overtreatment in some patients.?” In addition, differences
in ['8FIFET-PET uptake were shown to accurately distin-
guish between tumor recurrence and late post-treatment
changes.?

There is early evidence that changes in temporal as-
sessment of dynamic AA PET, such as late TTP, may be
able differentiate between short-term and long-term
survivors.”™ 1338 However, the widespread application
of this imaging modality has not reached the United
States. Current implementation of AA PET into the neuro-
oncology clinical algorithm in the United States has
failed to become mainstream as the FDA requires the
treating institution to submit an Investigational New Drug
Application (IND)."83% While there is a wealth of literature
supporting AA PET's role in glioma imaging assessment
as a complement to contrast-enhanced MRI, including
multiple international guidelines supporting its utility, the
assessment of treatment response with BEV is less estab-
lished."4638 As this is likely related to the added difficulty
of obtaining an IND from the FDA prior to implementation,
significant research efforts will be necessary to fully eval-
uate the potential of amino acid PET as a monitor for treat-
ment response to BEV.

Limitations

Our review was limited by the small number of studies and
limited number of patients who were evaluated with AA
PET and MRI after receiving BEV for treatment of recurrent
GBM. Additionally, because BEV is an adjuvant treatment
in HGG, some studies did not stratify patient outcomes by
those receiving second-line therapy, which often included
but was not limited to BEV. Only one study (Galldiks et al.
2013) explicitly stated that their study excluded patients if
the patient had a previous exposure to BEV. Because BEV
is a second line treatment for GBM, it is unlikely that pa-
tients in the other 13 studies had a previous exposure to
BEV during the initial treatment of the HGG; however, if
the patients had been previously exposed to BEV before
the time of recurrence, it could introduce a selection bias
for those who have already responded to BEV. Finally, be-
cause the literature about BEV in rHGG is in its infancy, var-
iations in study protocols and measured outcomes make
conducting a meta-analysis implausible.

Conclusions

Despite the limited number of studies of AA PET in rHGG,
preliminary clinical studies have shown promising results
in the ability of AA PET to detect treatment failure with BEV
earlier than on MRI. This suggests that AA PET has the po-
tential to lower morbidity from overtreatment of benign
imaging changes on MRI and provide early diagnostic as-
sessment of BEV treatment response in rHGG compared to
MRI alone. Using AA PET in conjunction to MRI gives phys-
icians additional information about tumor characteristics
to make informed decisions regarding patient care during
critical periods of potential tumor growth or treatment
response.
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