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Abstract

Background. In the present study, early response assessment by O-(2-['8F]fluoroethyl)-L-tyrosine (FET) positron
emission tomography (PET) and contrast-enhanced magnetic resonance imaging (MRI) were investigated in a
phase Il open-label single-center study of nivolumab plus bevacizumab for recurrent high-grade astrocytic glioma.
Methods. Twenty patients with nonresectable first recurrence of high-grade astrocytic glioma after EORTC/NCIC
protocol underwent ['8F]FET PET/MRI at baseline and after 2 cycles of treatment. Whole brain values of contrast-
enhancing volume on MRI (CEV), of the mean (TBR_ . ) and maximal tumor-to-background ratio (TBR ), and of
metabolically active volume (MTV) on ['8F]FET PET were obtained. Regional changes in ['®F]FET uptake were as-
sessed by parametric response mapping (PRM). Prediction of overall survival (OS) and response (OS > 11 months)
were assessed by Cox and receiver operating characteristic (ROC) analysis, respectively. Also, MRI (response
assessment in neuro-oncology [RANO] 2.0) and PET-based (PET RANO 1.0) response assessment criteria were
compared.

Results. In ROC analysis responders were separated (P < .05) from nonresponders by lower MTV at follow-up
(AUC 0.771, cutoff 18.3 mL), larger decrease in MTV (AUC 0.757, cutoff -5.3 mL), larger decrease in both TBR, .
(AUC 0.814, cutoff —0.53) and relative TBR . (AUC 0.829, cutoff —11%) and smaller PRM progressive volume (AUC
0.843, cutoff 4.0 mL). Change in CEV did not predict response. RANO 2.0 and PET RANO response assessment cri-
teria had similar and only borderline prognostic values.

Conclusions. The study indicates that ['"®F]FET PET is superior to contrast-enhanced MRI for early response as-
sessment in patients with recurrent high-grade astrocytic glioma treated with nivolumab and bevacizumab.

Key Points

e We investigated the response assessment of bevacizumab + nivolumab in recurrent high-
grade glioma.

e ['8FIFET PET was superior to contrast-enhanced MRI for prediction of survival.
e MRI RANO 2.0 and PET RANO criteria have only borderline predictive value.
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Importance of the Study

Although prognosis in recurrent glioblastoma remains
poor and studies of second-line therapies have failed
to demonstrate overall survival benefits, some pa-
tients may show long-term response. The present study
compared early response assessment using contrast-
enhanced MRI and amino acid PET using ["®F]FET for
prediction of response (defined as overall survival >11
months) in patients with recurrent high-grade astrocytic
glioma treated with a nivolumab and bevacizumab. The

Glioblastoma (GBM) WHO grade 4 is the most common
primary brain tumor accounting for 63% of all glial tumors
in Europe.' The prognosis remains poor with a median sur-
vival of 14.6 months despite standard treatment consisting
of maximal safe resection, radiotherapy and concomitant
and adjuvant temozolomide (TMZ), often referred to as
EORTC/NCIC protocol (or Stupp’s regime).2 All patients will
eventually experience recurrence during or after standard
treatment with a median survival at recurrence of 6-8
months.34

Antiangiogenic  treatment with vascular endo-
thelial growth factor (VEGF) antibodies targeting
neoangiogenesis, such as bevacizumab, is approved
and widely used for various cancers. In recurrent GBM,
bevacizumab has been shown to prolong progression-free
survival (PFS) but not to improve overall survival (0S).5
Therefore bevacizumab’s role in the management of recur-
rent GBM remains controversial and only a few countries
approve of this treatment for recurrent GBM.®

Immunotherapy with check-point inhibitors aims to
disrupt the check-point pathway which suppresses the
antitumor response of the immune system. The use of
check-point inhibitors has proven effective for example, in
malignant melanoma and non-small lung cancers’ but has
failed to show survival benefits for GBM.8° Preclinical and
clinical data indicate that direct VEGF signaling may con-
tribute to the recruitment, trafficking, and activation of the
CD8 +T-cell response and reduce tumor-associated immu-
nodeficiency™ and a single arm clinical trial showed that
a tumor vaccine combined with bevacizumab was associ-
ated with a high rate of T-cell specific immune response.'?
This serves as a rationale for combining a PD-1 inhibitor,
nivolumab, with a VEGF inhibitor, bevacizumab, for recur-
rent GBM.

Although the results of these clinical trials are discour-
aging, some patients become long-term survivors and
may benefit from immunotherapy. Given the paucity of
treatments for recurrent GBM, there is an urgent need for
biomarkers that may identify patients more likely to re-
spond. Conventional magnetic resonance imaging (MRI)
has low specificity for the detection of progressive disease
after standard therapy'3'* due to post-treatment related
effects. Activation of the immune response may addition-
ally induce pseudo-progression with increasing contrast
enhancement on MRI difficult to separate from true pro-
gression. In contrast, patients receiving antiangiogenic

study showed that only ['FJFET PET parameters pre-
dicted response, while contrast-enhanced MRI did not.
Recent MRI and PET response assessment (RANO) cri-
teria had similar and only borderline prognostic value,
and neither were predictive of response overall. The
study adds to the evidence supporting the advantage
of amino acid PET over contrast-enhanced MRI for re-
sponse assessment in brain tumors treated with blood-
brain-barrier modifying treatments.

treatment may show pseudo-response with resolution of
enhancement due to normalization of tumor vessel per-
meability despite progressive disease. Conventional ana-
tomical post-contrast MRl may thus not be helpful for early
response assessment of either treatment. Various func-
tional imaging modalities have been introduced to sup-
plement conventional MRI for response assessment in the
post-treatment setting.’®'® The uptake of amino acid pos-
itron emission tomography (PET) tracers is generally be-
lieved to depend on L-amino acid transporters expressed
on glioma cells independent of perfusion and permeability
and more closely related to viable tumor tissue."”” Amino
acid PET tracer such as [""C]-methyl-L-methionine (MET) or
O-(2-["8F]fluoroethyl)-L-tyrosine (FET) have been reported
to be of value for response assessment in patients treated
with bevacizumab with retained ability to identify viable
tumor tissue also in a pseudo-response setting'®"® and
have been suggested to differentiate true progression from
pseudo-progression in patients with cerebral metastases
receiving nivolumab.?® Studies of response assessment in
nivolumab for recurrent GBM are few, retrospective, and
have not included amino acid PET.2'-23

Response assessment with amino acid PET is usually
based on changes in standard imaging metrics, that is,
the metabolically active tumor volume (MTV) and tumor-
to-background uptake ratio (TBR).2* However, these global
metrics evaluated in isolation may have limitations in
estimating tumor response in patients with mixed re-
sponse or mixed pathology. Parametric response maps
(PRM) may allow assessment of regional changes and
have been investigated for MRI-based technique, that is,
diffusion-weighted imaging or perfusion imaging, but ex-
perience with PRM for analysis of amino-acid PET in brain
tumors is sparse.?526

Recently, MRI criteria for response assessment in neuro-
oncology (RANO 2.0) have been updated, and similar
criteria for amino acid PET (PET RANO 1.0) have been intro-
duced and are in the early phase of validation.?”

The present study analyses ['®F]FET PET and MRI im-
aging data obtained at baseline and after 8 weeks/2 cycles
of combined nivolumab and bevacizumab treatment in pa-
tients with first recurrence of high-grade astrocytic glioma.
The analysis aimed to identify ['"®F]FET PET imaging met-
rics that may allow for the separation of patients who may
benefit from treatment in terms of survival benefit (re-
sponders) from those who do not (nonresponders), and
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further assess the potential of PRM analysis compared to
standard PET metrics.

Methods
Study Design

Imaging data was obtained in the treatment arm (n = 20) of
CA209-9UP, a phase Il open-label single-center translational
study of nivolumab in combination with bevacizumab for
recurrent GBM (Eudra CT no. 2017-003925-13). Patients
were included from October 2018 to 2020. Eligible patients
all had a nonresectable first recurrence of GBM (WHO 2016
classification) during or after treatment including maximal
safe surgery (n=18), radiotherapy (photon n=19, proton
n=1), and concomitant and adjuvant temozolomide
(n=20). Measurable disease according to RANO guide-
lines criteria within 2 weeks of treatment was required.
Two patients (#25 and #29) did not fulfill RANO criteria for
contrast-enhancing measurable lesions but were included
in the clinical trial on the basis of metabolic active tumor
on ["8F]FET PET. Additional inclusion criteria were perfor-
mance status (PS) of 0-2 and age >18 years. Full in- and
exclusion criteria can be found in Supplementary Table
S1. Neoadjuvant nivolumab (240 mg) and bevacizumab
(10 mg/kg) was administered every 2 weeks, or until unac-
ceptable toxicity, progression, or death. The trial (EudraCT
2017-003925-13) was approved The Capital Region of
Denmark Committee on Health Research Ethics (ref.
H-17040888) and written consents were obtained with the
possibility to withdraw consent at any time. Rationale and
primary clinical and immunological results of the study
have been reported previously.28

Pathology

All patients had histology verified glioblastoma WHO 1V,
defined by the 2016 WHO classification which was used at
the time of the study. Five patients with IDH mutation would
no longer be reclassified as glioblastoma according to the
current 2021 classification, but as astrocytoma WHO 4, IDH
mutant and, thus, collectively referred to as high grade
astrocytic glioma. In the exploratory analysis, we could not
demonstrate any influence of IDH mutation status and have
not stratified the analysis according to IDH status.

Image Acquisition

Imaging was intended to be performed on a Siemens
Biograph mMR 3T hybrid PET/MRI system equipped with
a 16-channel head-neck coil (Siemens). However, in 3 pa-
tients (ID #1. #25 and #29) very recent ["8F]FET PET had
been performed on a PET/CT system (Biograph mCT,
Siemens, Erlangen, Germany) and used as a baseline
along with same-day or most recent MRI acquired within
2 weeks in order not to delay initiation of treatment. Scan
and reconstruction parameters were standardized across
scanners. PET imaging was performed according to recent
guidelines.?

The hybrid PET/MRI protocol included a single-bed
20-minute simultaneous PET/MRI acquisition performed
20 min after intravenous injection of approximately 200
MBq ['8F]FET. The MRI protocols included a minimum axial
T2 (0.7 x0.7 x5 mm3), T2 FLAIR (1.2x 0.9 x5 mm3), and
post-contrast 3D-T1 (1 x 1 x 1 mm3) weighted sequences.

The PET images were reconstructed into a 344 x 344
matrix (voxel-size 0.8 x 0.8 x 2 mm3) using 3D OP-OSEM
(4 iterations, 21 subsets) and applying a 5 mm Gaussian
filter. The spatial resolution of the system is approximately
5 mm.2® Attenuation correction was performed either using
a separately obtained low-dose CT (120 kV, 30 mAs, 5 mm
slice width, Siemens Biograph PET/CT system) as pre-
viously described®® or MRI based attenuation correction
from a region-specific optimization of a UTE sequence
(RESOLUTE).?!

Image Analysis

For lesion contouring, PET and structural MRI were regis-
tered, displayed and analyzed using Mirada RTx software
(version 1.8, Mirada Medical Ltd.). To ensure consistency,
image analysis was for the purpose of the study performed
by a single author (OH).

Conventional MRI was read as a part of the clinical im-
aging report by an experienced neuroradiologist unless
reporting was not deemed relevant due to a very recent
diagnostic MRI. Guided by the MR report, the contrast-
enhancing volume (CEV) was delineated by isocontouring
and adjusted manually. Qualitative assessment (de-
crease/stable/increase) of nonenhancing T2/T2-FLAIR
hyperintensities at follow-up as stated in the MRI report
was noted.

The metabolically active ["®F]FET volume (MTV) was de-
fined according to guidelines as tissue with ["®F]FET up-
take (tumor-to-background ratio, TBR) exceeding 1.6 of the
mean activity of a background region drawn in normal ap-
pearing cortex of the contralateral hemisphere.3?

For each parameter absolute and relative (%) changes
from baseline were calculated.

Parametric Response Maps

The rationale behind parametric response maps (PRM)
is to isolate metabolic changes that clearly exceed noise
level. Using in-house developed software each ['®F]FET
PET image was rigidly registered to each other and the
mean PET image was registered to T1 weighted post con-
trast MRI. The PET images were voxel-wise subtracted
(follow-up minus baseline) after normalization to mean
value of an identical background region similar to manual
analysis described above. From a separate set of test-retest
['8F]FET PET images® the normal distribution of the voxel-
wise variability in tracer uptake (TBR) in gray and white
matter in the normal-appearing hemisphere contralateral
to the tumor was estimated and the 95% confidence in-
terval calculated. Values within this range corresponding
to +/- 0.2 TBR values were excluded from the PRM, and
values outside this range were interpreted as tumor
growth or shrinkage.®* Only voxels within the union of
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MTV at baseline and at follow-up were considered in the
PRM analysis. As exploratory PRM metrics of treatment re-
sponse the volumes measured in absolute values (mL) and
relative to the union of MTV (%) with either an increase in
uptake (PRM, and rPRM_, ) or a decrease (PRM_; .  and
rPRM . ...s)» were determined. Furthermore, since PRM is
based on image subtraction, we also calculated the net ab-
solute or relative change, i.e. PRMDIUS——PRMmmus (PRM,
and rPRM ) to partly off-set changes in opposite direc-
tions in the event of larger shifts in tumor activity caused
by for example, differences in the contribution of edema
or resection cavity collapse. Example of PRM analysis is
shown in Figure 1.

Standard MRI and PET Response Assessment

Standard MRI response assessment was adapted from the
recently updated RANO 2.0 criteria.3® Based on perpendic-
ular measurements of contrast-enhancing lesions (min-
imum > 10 x 10 minutes), partial response was defined as
a decrease in the sum of products of >50%, progression
as >25% increase in the sum of products or new measur-
able lesion (>10 x 10 mm), or as stable disease. RANO re-
sponse was based on measurements as stated in the MRI
reports and subsequently corroborated by an experienced
neuroradiologist (VAL). An initial MRI progression at first
follow-up that subsequently resolved was considered
MRI pseudo-progression, while an initial regression with

Baseline

T1MRI+C ['®FIFET TBR T1MRI+C

CEV 17.2 ml MTV 49.4 mL

TBRax 3-4

CEV 6.3 mL

Figure 1.

Follow-up

g,
,,

MTV 22.1 mL
TBR g 3.1

discordant clinical deterioration or progression assessed
by ['®F]JFET PET with subsequent clinico-radiographical
progression leading to exit of protocol was considered MR/
pseudo-response.

For ['8FIFET PET, the newly presented PET based re-
sponse assessment criteria®® were applied. According
to these, response/progressive disease is defined as de-
crease/increase in any target lesion (MTV > 0.5 ml) of >30%
inTBR,,,,>10% inTBR,__,, or>40% in MTV. New measur-
able lesions (MTV > 0.5 mL) are also considered progres-
sion, while complete response is defined as disappearance
of all measurable disease. Both MRI RANO and PET RANO
response were converted to an ordinal response score:
complete or partial response (-1), stable disease (0) and
progression (+1) for Cox and receiver operating character-
istic (ROC) analyses.

As some patients experienced clinical progression be-
fore scheduled follow-up imaging and did not undergo the
second PET scan, clinical criteria of progression were not
included in the analysis and only patients with complete
data were included in comparisons of MRl RANO and PET
RANO.

Definition of Treatment Response

A beneficial response to treatment (responder) was de-
fined as overall survival (OS) longer than the median sur-
vival in a historical control group treated with bevacizumab

['®FIFET TBR

B MR baseline

Y PET baseline

MR follow-up

PET follow-up

Q
\

PRM,,s 12.0 mL
PRMpinus 42.1 mL

Example of standard and PRM analysis. Contrast enhanced MRI (T1 MRI + C) show overall decreasing enhancing volume (-63%),

and metabolically active volume of the large tumor in the right temporal lobe in patient ID #36, but with increasing activity in the satellite tumors
in the left hemisphere. Response according to MRI RANO is stable disease, but progressive according to PET RANO. Areas of increasing and
decreasing uptake is clearly visible on parametric response mapping (PRM) image. Also note apparent increase on PRM image in the partially
collapsed cavity in the right temporal component. Images are shown in MNI space. Tumor volume contours are shown overlaid.
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and irinotecan upfront for recurrent nonresectable GBM.
Controls were identified from an on-site database.®
Controls were matched to the study cohort using propen-
sity scores accounting for sex, age, steroid use, MGMT
status, and multifocal disease in order to account for pa-
tient demographics. Adjusted predicted median OS was
11.0 months (n=60) which was used to define response
in the present study. Actual survival data showed 2 clearly
separated patient groups with OS <73 months and
0S > 14.1 months, respectively, and a single patient (#1)
with OS of 10.6 months, that is, just below the prespecified
cutoff (SupplementaryTable S2).

Statistics

For continuous parameters, the median value [range] is re-
ported and group differences are tested using the Mann-
Whitney test or Wilcoxon signed rank test for difference
between follow-up and baseline. Categorical variables
were analyzed using Fischer’s exact test.

ROC analysis with determination of area under the
curve (AUC) was applied to identify imaging metrics pre-
dictive of response. Optimal cutoffs for the prediction
of nonresponder were determined by maximization of
Youden’s index. The Equality of ROC AUC was assessed
using the DelLong test. Associations of clinical variables
and imaging metrics with OS were investigated in univar-
iate Cox proportional hazard models, and metrics identi-
fied by ROC analysis were further combined pairwise in
bivariate Cox models to assess if the effects were inde-
pendent. Survival functions according to response cri-
teria were analyzed by Kaplan—-Meier survival curves and
compared by Log-rank test. All statistical analysis was per-
formed in STATA 15 (Stata Corp). A two-tailed significance
level of .05 was applied.

Results

Baseline ['8F]FET PET was obtained on hybrid PET/MRI in
17 patients and on separate MRI and PET/CT systems in
3 patients. Due to clinical progression before scheduled
follow-up PET/MRI, 2 patients had only MRI performed
prior to completing the second series of treatment, and one
patient did not have any follow-up imaging. Information
on single subjects and scan results along with group sum-
mary statistics are provided in SupplementaryTable S2.

None of the clinical risk factors or baseline metrics were
different between responders and nonresponders, and did
not predict response in ROC analysis or overall survival
(OS) in univariate Cox analysis (for detailed results see
SupplementaryTable S3).

Treatment was associated with an overall de-
crease in median CEV both in responders (-84%) and
nonresponders (-47%) although CEV at follow-up was not
statistically significantiy different from baseline in either
group. Statistically significant decreases in median MTV
(=74%), TBR, ., (-9%), and TBR_,, (-30%), were found in
responders, but no significant changes were observed in
nonresponders (SupplementaryTable S2).

ROC analysis identified MTV at follow-up, MTV change,
PRMp,us, PRM_ .., and both absolute and relative change
in TBR,,, as predictors of response. ROC AUC and op-
timal cutoff are shown in Table 1 and ROC curves in
Supplementary Figure S1. The metabolically progressive
volume (PRM,, ) yielded the highest ROC AUC of 0.843
providing sensitivity of 80% and specificity of 100% at the
optimal cutoff of 4 mL, although ROC AUC was not sig-
nificantly different between metrics. Combining any of
the metrics did not statistically significantly increase ROC
AUC.

Univariate hazard ratios (HR) for OS of the metrics
identified by ROC analysis are also shown in Table 1. In
bi-variate models, only PRM'DIus and MTV at follow-up had
independent prognostic effects (except when combined).
In univariate Cox analysis, shorter OS was also associated
with increasing contrast-enhancing volume at follow-up
(HR 1.073, P=.002), larger relative PRM . (HR 1.026,
P=.014), and larger relative PRM__, (HR 1.010, P=.029), but
none of these predicted response at the .05 significance
level in ROC analysis (SupplementaryTable S3).

Table 2 shows the median OS when stratifying patients
according to response criteria compared to RANO criteria
and clinical risk factors. Corresponding Kaplan-Meier
curves for OS according to cutoff are shown in Figure 2.

No cases of MRI pseudo-progression at the first follow-up
were noted. Using MRI-RANO criteria 2 cases could be con-
sidered as MRI pseudo-response of which one (#34) was
correctly classified as PD according to PETFRANO and the
other (#15) did not undergo follow-up PET imaging.

Of the 17 patients with PET also at follow-up PET RANO
and MRI RANO classification were in agreement in 13 of
the 17 patients (6 with response, 3 with stable disease, and
4 with progression), while 2 patients (both nonresponders)
with progression according to PET RANO were classified
as response on MRI, and the 2 patients (one responder
and one nonresponder) with response on PET RANO was
classified as stable (n=2) disease on MRI. Waterfall plots
showing PET RANO response metrics according to MRI
RANO response and outcome are provided in Figure 3.

Distribution of neither MRl RANO nor PET RANO dif-
fered between responders and nonresponders (Fischer’s
exact test: P = .604 and .178, respectively) and ordinal
scores did not predict response in ROC analysis (ROC AUC
0.671, P=.188 vs 0.693, P=.143). PET RANO classification
showed borderline significant median OS in patients with
progression vs nonprogression (P=.056) and response
versus nonresponse (P =.054), see also Table 2. Omitting
the 2 patients with nonmeasurable disease according
to MRI RANO improved performance of both MRI RANO
and PET RANO with also MRI progression predictive of
nonresponse (ROC AUC 0.667, P=.046; see Supplementary
Table S4 for details).

T2/T2-FLAIR increase was noted in 2 nonresponders
(#15 and #27) with nonprogression on contrast enhanced
MRI of which one showed partial response on PET and one
had clinical progression. In contrast, the 2 patients with
pseudoresponse defined by PET progression (#34 and
#36) both showed decrease in T2/T2-FLAIR. No associa-
tion of PET RANO progression and qualitative T2/T2-FLAIR
increase was observed (P =.280, Fischer’s exact).
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Table 1. ROC Analysis for Prediction of Response (0S > 11 Months)

ROC AUC P-value Optimal cutoff Sensitivity (%) Overall survival P-value

HR [95% Cl]

Specificity (%)

[asymptotic 95% Cl]

MTV follow-up (mL) 0.771[0.511-1.000]  (.041) 183 70 100 1.031[1.011-1.052]  (.002)
AMTV (mL) 0.757[0.515-0.999]  (.037)  -5.3 70 86 1.023 [1.005-1.041]  (.006)
ATBR,,, (a.u.) 0.814[0.595-1.000]  (.005) ~ -0.53 70 100 2.807 [1.173-4.714]  (.020)
rATBR,,,, (%) 0.829[0.613-1.000] ~ (.003) - 70 100 1.034[1.008-1.062]  (.012)
PRM_, (mL) 0.843[0.634-1.000]  (.001) 4.0 80 100 1.040 [1.013-1.068] ~ (.003)
PRM, _, (mL) 0.757[0.512-1.000] ~ (.040)  -5.6 70 86 1.019[1.000-1.035] ~ (.019)

Abbreviations: MTV, ["®F]FET metabolically active volume; TBR__ , maximal ["8FIFET tumor to background ratio; PRM, parametric response map-
ping; RANO, response assessment in neuro-oncology; ROC, receiver operating characteristics; AUC, area under curve. A and rA denote the absolute
and relative change from the baseline.

Table 2. Median Survival According to Response Criteria and Clinical Risk Factors

Threshold P-value

Mann-Whitney

Criterion present

Criterion not present
OS (months)

OS (months)
Optimal metrics

MTV at follow-up (mL) <18.3 14.0 4.2 <.001
AMTV (mL) <-5.3 13.9 4.9 .025
ATBR_, (a.u.) <-0.5 13.9 3.5 <.001
rATBR, ., (%) < 135 3.3 .001
PRM,,, (mL) <4 14.1 3.6 <.001
PRM, , (mL) -5.6 13.9 4.9 .025
RANO response
PET RANO @ PR or SD (vs PD) 12.1 6.3 .056
PR (vs SD or PD) 13.3 71 .054
MRI RANO @ PR or SD (vs PD) 1.4 6.6 .140
PR (vs SD or PD) 12.9 8.0 .18
Clinical risk factors
IDH Mutant 1.2 8.2 .407
MGMT Methylated 10.0 77 .569
Steroid use No 9.7 6.6 513
Multifocal, n (%) No 10.2 6.0 .248
PS 1, n(%) Yes 9.3 5.4 .614
Age <b5 years 8.1 10.9 .367

Abbreviations: IDH, isocitrate dehydrogenase; MGMT, methylguanine-DNA-methyltransferase; MTV ['8F]FET, metabolically active volume; TBR

max”

maximal ['®FIFET tumor to background ratio; PRM, parametric response mapping; RANO, response assessment in neuro-oncology; 0S, overall
survival. A and rA denote the absolute and relative change from baseline, respectively; PR, partial (or complete) response; SD, stable disease; PD,

progressive disease.
an = 17 (for details see also Supplementary Table S3).

Discussion

In the present study we investigated the value of ["®F]FET
PET for early response assessment in patients with recur-
rent high grade astrocytic glioma treated with a check-
point inhibitor, nivolumab, in combination with a VEGF
inhibitor, bevacizumab. The main findings are that only

['8F] FET-derived metrics at follow-up were predictive of re-
sponse to treatment, whereas baseline clinical characteris-
tics and PET and MRI imaging metrics including contrast
enhancing volume were not. We further applied PRM anal-
ysis and identified the metabolic progressive volume as
a predictor of nonresponse to treatment. Recommended
PET and MRI response assessment criteria were only bord-
erline predictive of survival and not of response overall.
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OS by VOL-FET at follow-up
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Figure 2. Kaplan—Meier plots overall survival. Patients are grouped according to response criteria determined by ROC analysis.

To the best of our knowledge, this is the first study to
apply amino acid PET for response assessment for check-
point inhibitors for glioma, here in combination with
bevacizumab. In a retrospective analysis of patients with
brain metastases, it was reported that a 10% decrease in
TBR, .., predicted long-term response to immunother
apies with either a check point inhibitor or targeted ther-
apies, often in combination with radiotherapy.?° Previous
studies of response assessment of bevacizumab treatment
using amino acid PET in recurrent high-grade glioma have
recently been reviewed."” Only a few prospective studies
with both pre- and post-treatment amino acid PET have
been published. One study included 21 patients with re-
current IDH wildtype GBM treated with bevacizumab and
lomustine.?” The authors found that an MTV <5 mL at
follow-up (8 weeks) was the best predictor of treatment
response (defined as OS >9 months). Two studies using
the same patient group (n=20-24), applied ["CIMET for
recurrent GBM treated with bevacizumab + temozolomide
showed that patients with concordant response on MRI
and PET (tumor to normal tissue [T/N] ratio < 1.6) at 8 weeks
had longer progression-free survival (PFS) than those with
only MRI response (considered pseudo-response).’® and
that the T/N ratio at 8 weeks and the change in T/N ratio

at 4 weeks were the best predictors of PFS.3° In a study
of 30 patients with recurrent high grade glioma with
3,4-dihydroxy-6-["8F]-fluoro-L-phenylalanine (DOPA) PET
performed at baseline and at 2, 4 and 6 weeks after initia-
tion of bevacizumab,*® an MTV < 18 mL at 2 weeks was the
best predictor of survival associated with a 3.5 time longer
0S. In summary, although these previous studies differ
in terms of imaging time points, metrics and tracer, they
overall show that early metabolic response was associ-
ated with a longer survival and usually superior or at least
additive to MRI response assessment, and that the meta-
bolic tumor burden at follow-up may be more predictive
than both baseline metrics and changes from baseline to
follow-up. Our findings are overall in agreement with these
previous studies.

The 2 patient populations were clearly separated by me-
dian OS of 15.4 months and 4.8 months for responders
and nonresponders, respectively, (Supplementary Table
S2). Our 11 months cutoff for separation into the 2 classes
were based on a historical control group treated with
bevacizumab and irinotecan for recurrent nonresectable
GBM. However, as treatment effects may not be comparable
there can be some uncertainties in the cutoff, and a lower
value, for example, 9 months, as used in other studies,?’’
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would have reclassified patient ID #1 with OS 10.6 months
as responder with an overall improvement in predictive
performance. In this patient ['"®F]FET PET showed the dis-
appearance of a relatively small lesion of MTV=2.8mL
and, thus, complete metabolic response according to PET
RANO. Another outlier was patient ID #29 classified as a re-
sponder with OS of 15.4 months that showed PET and MR
RANO progressive disease with a 91 % increase in MTV
from 1.1 to 2.1 mL, but with a paradoxical 19 % decrease in
TBR,,,, from 2.8 to 2.3. This patient showed steady PD de-
spite reinduction with TMZ after 4 cycles underlining the
limitations of using a fixed OS-defined response criterium.
Patients ID #1 and ID #29 also had the smallest initial tumor
volumes in the cohort, which could indicate that for tumors
with MTV in the lower ranges, PET RANO metrics are less
accurate. The patients were fasting, but there could never
theless be fluctuating uptake by for example, drug effects or
amino acid levels,®® leading to small changes in the calcu-
lated MTV defining thresholds.

Radiological response assessment according to RANO 2.0
criteria are mainly based on perpendicular measurements
of the diameter or the contrast enhancement onT1 weighted
imaging,®® or the total volume of contrast enhancement.
Our data showed that response assessments based on

the contrast enhancement, either by RANO criteria or by
volume changes were of limited value for the prediction of
responders and at best borderline statistically significantly
associated with OS. Of note, we did not apply T1 subtrac-
tion which may allow a more accurate assessment of the
contrast-enhancing tumor in the presence of reduced per-
meability induced by antiangiogenic treatment.*'

The criteria defined in PET RANO was also of only bord-
erline predictive value and did not perform better than
MRI RANO criteria, although PET progression tended to
be more sensitive for prediction of nonresponse than MRI
RANO in direct comparison.

Three cases could be considered as MRI pseudo-
response (clinical progression in ID #15 and discordant
PET progression in ID #34 and #36) while no cases of
pseudo-progression were observed. This suggests that
imaging during follow-up in combined bevacizumab and
nivolumab in our study may be dominated by effects of
bevacizumab rather than those of nivolumab. Pseudo-
progression in clinical trials with check-point inhibitors for
glioblastoma is a relatively rarely occurring event with a
rate of 8.4% among treated patients who had PD.#?

In addition to standard metrics recommended in guide-
lines?* we also applied PRM analysis. PRM was originally
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described for analysis of diffusion weighted MRIL.*® Two
studies have investigated the potential of PRM analysis
of amino acid PET. One study retrospective analyzed ["'C]
MET scans from 14 patients with recurrent glioma treated
with WT1 immunotherapy and found relative progres-
sive volume to predict 0S.2°The other study analyzed ['8F]
DOPA scans obtained 1 week before and at 2 time-points
(1-2 weeks and 5-7 weeks) after initiation of bevacizumab
in 24 patients with recurrent glioma. The authors reported
that relative progressive volume (rPRMpIus) between the
2 post-treatment time-point predicted 3 months PFS and
6 months 0S.26 Qur analysis identified both absolute and
relative progressive volume (PRM, ) and net change
(PRM, ,) as prognostic factors for OS. We also showed the
predictive value of PRMplus performing better than that of
rATBR, ... All 3 studies suggest that the progressive volume
has higher impact on prognosis than the often much larger
regressive volume. This is in line with the study of ['8F]
FET PET for response evaluation of Lomustine in recurrent
grades 3-4 glioma suggesting that appearance on new
hot-spots was most potent in predicting nonresponse.*

A caveat of PRM analysis is related to gross tumor
morphology changes, for example, due to alterations in
peritumoral edema or changes in the volume of the resec-
tion cavity (as shown in Figure 1). This probably explains
the counterintuitive finding that PRMplus values above 0 mL
were observed also in responders, although usually offset
by a larger PRM_. .. In these situations, a rigid registration
as applied in the present analysis, may lead to erroneous
results when subtracting images and performing calcula-
tions restricted to the VOI intersection of TBR > 1.6 of the
2 ["®F]FET PET scans. Thus, there may be relevant meta-
bolic changes occurring outside this volume and irrelevant
changes within. Furthermore, as tissue edema derived
from a defective blood-brain barrier may reduce activity
uptake, antiangiogenic treatment may lead to functional
restitution in healthy tissue and increase uptake above the
PRMplus threshold that may be misinterpreted as progres-
sion. Conversely, a progressive lesion may lead to sec-
ondary peritumoral functional reductions that may explain
why the average PRM .. -was not different in the 2 groups
(Supplementary Table S2) and not predictive of response.

PRM may be most useful as a reading support in patients
with a relatively short follow-up period in the absence of
larger anatomical changes and should be approached with
the above limitations in mind. An advantage of PRM anal-
ysis in daily routine is the ease of visualization and quan-
tification of regional changes when analyzing follow-up
['8F]FET PET scans. This may be very helpful not only for
response assessment but also in other situation, for ex-
ample, suspicion of progressive disease. PRM may also
potentially allow identification of metabolic progres-
sion and earlier identification of progressive disease that
is above the threshold for noise, but below the accepted
threshold (TBR 1.6) for tumor tissue. Thus, the quantitative
PRM metrics and identified cutoff’s are best understood as
an adjunct to reading and should be interpreted cautiously
and examined further. Standardized whole tumor ['®F]FET
metrics are the selection of choice for now.

Response assessment using physiological MRI tech-
niques such as diffusion-weighted imaging (DWI) re-
flecting cellularity and oedema“ or dynamic susceptibility

perfusion MRI, that are more directly associated with the
effect on the vessels*® have been reported to predict sur-
vival in recurrent gliomas treated with bevacizumab. An ad-
vantage over amino acid PET is that MRI based techniques
may be included in routine MRI protocols and obviate the
need for separate and more costly PET examinations. A re-
view of these techniques is outside the scope of this paper,
but findings are inconsistent and more recent publications
failed to confirm the prognostic values of pre- to post-
treatment changes in patients treated with bevacizumab
despite clear effects of treatment when compared to pa-
tients not treated with bevacizumab.#"¢ Possible caveats
of these techniques are the dependence on tumor deline-
ation based on conventional MRl and more sophisticated
analyses (eg, histogram analysis or PRM). Studies directly
comparing amino acid PET and advanced MRI for response
assessment in recurrent high-grade gliomas are sparse. A
small study showed significant correlation of amino acid
uptake by [""C]-methionine PET and cerebral blood flow
measurements by arterial spin labeling, but superior ac-
curacy of amino acid PET for predicting progression free
survival.®

A key advantage of amino acid PET is identification of
the nonenhancing tumor. Using T2 or T2-FLAIR, the differ-
entiation of nonenhancing tumor from gliosis and oedema
may be difficult. The value of assessing the nonenhancing
component in recurrent glioblastoma has been a matter of
controversies and not recommended in enhancing high
grade gliomas in RANO 2.0.#° In recurrent GBM treated
with bevacizumab, T2/T2-FLAIR increase may allow for
earlier detection of progression, but is not predictive of
survival.*®%0 Accordingly, we did not include a detailed
analysis of the nonenhancing tumor. Based on qualita-
tive assessment of the neuroradiologist we observed poor
agreement of T2/T2-FLAIR increase with PET RANO pro-
gression, both overall and for identification of MRI RANO
pseudoresponse, suggesting that information from amino
acid PET is also additive to T2/T2-FLAIR for assessing
nonenhancing tumor.

Early response assessment, whether by MRI or PET, aims
to identify patients who do not benefit from continued treat-
ment. As we did not observe cases of pseudoprogression,
which might otherwise lead to premature discontinuation
of in fact effective treatment, the benefit of PET was mainly
related to the identification of pseudo-response with sur-
vival benefit only in patients with a substantial metabolic
response. Lacking alternative treatments, the discontinua-
tion of salvage therapies is a major decision, and treating
physicians may be reluctant to stop salvage treatments in
the absence of clear clinical-radiographic progression or
severe side effects—and not on the basis of a lack of suffi-
cient response. Here, it is worth noticing that response was
based on longer or shorter survival than expected from a
reference group, and the study design does not allow us
to assess the survival benefit of individual patient. In case
of a only minor metabolic responses below guideline sug-
gested cutoffs, it may be prudent to follow the patient
more closely with continued treatment, which may be fu-
tile in patients with over metabolic progression exceeding
test-retest variability.33

A number of limitations should be mentioned. First of
all, a larger sample would have improved statistics and
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allowed for more elaborate statistical analysis accounting
for multiple co-variates. Still, the size is not very different
from that previous prospective studies including between
10 and 30 patients each.’®?’ Due to the exploratory nature
of the study aiming to identify optimal metrics for a new
treatment combination, we assessed a relatively large
number of metrics, and the findings need to be confirmed
in future larger studies.

We also included patients with IDH mutations that would
no longer be classified as GBM. IDH mutated tumors may
differ both in terms of prognosis and imaging character-
istic and, thus, bias results, but within the aforementioned
limitations of the statistical analysis no influence of IDH
status was demonstrated.

Conclusion

The present study suggests standard ['8F]FET PET metrics
was superior to contrast enhanced MRI for early response
assessment in patients with recurrent high grade astro-
cytic glioma treated with nivolumab and bevacizumab.The
study further showed that the biological tumor volume at
follow-up was the best predictor of overall survival, and
that judicious use of parametric response mapping may
be a useful addition to standard whole tumor metrics. The
findings and response assessment criteria need to be con-
firmed in larger studies.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances (https://academic.oup.com/noa).
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Lay Summary

Doctors use MRI scans to monitor patients with brain tumors
and to see how they respond to treatment. MRIs give details
about the structure of the brain and tumor. PET scans, on the
other hand, show how active tumors are. The authors of this
study wanted to see how PET scans compare to MRI scans
in patients with aggressive brain tumors, called high-grade
astrocytic gliomas, that were treated with two medications
(nivolumab and bevacizumab). To do this, they treated 20 pa-
tients in this study. PET and MRI scans were done before and
after two rounds of treatment to see if changes could predict
success with treatment. Their findings show showed that PET
scans were better than MRI scans at identifying which patients
were benefiting from the treatment.
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