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Abstract

Differentiation of true tumor progression from treatment-related effects remains a major unmet need in caring for
patients with glioblastoma. Here, we report how the intraoperative combination of MRI with'8F-fluciclovine PET
guided surgical sampling in 2 patients with recurrent glioblastoma.'8F-Fluciclovine PET is FDA approved for use
in prostate cancer and carries an orphan drug designation in glioma. To investigate its utility in recurrent glioblas-
toma, we fused PET and MRI images using 2 different surgical navigation systems and performed targeted ster-
eotactic biopsies from the areas of high (“hot”) and low (“cold”) radiotracer uptake. Concordant histopathologic
and imaging findings suggest that a combined'8F-fluciclovine PET-MRI-guided approach can guide neurosurgical
resection of viable recurrent glioblastoma in the background of treatment-related effects, which can otherwise look

similar on MRI.

8F-fluciclovine glioblastoma positron emission tomography (PET) pseudoprogression.

Glioblastoma (GB) invariably recurs, but surveillance with MRI
remains problematic for the discrimination of tumor recurrence
from treatment-related effects, that is, pseudoprogression or
radionecrosis. Because chemoradiation treatment alone in-
duces radiographic changes in approximately half of treated
patients,’ radiographic progression without actual underlying
disease progression is recognized as a major clinical dilemma
in caring for patients with GB.? Although pathological confir-
mation is the most reliable method to differentiate progres-
sive disease from treatment effect, it is an invasive method;

therefore, numerous noninvasive methods have been at-
tempted to discriminate the 2 distinct entities, including
diffusion-weighted imaging, various perfusion imaging tech-
niques, and PET.3

To date, most clinicians rely on advanced MRI techniques
such as dynamic susceptibility contrast (DSC) and dynamic
contrast-enhanced MRI perfusion techniques to tease out a
distinction between recurrent tumor vs treatment effect; how-
ever, there is considerable variability between institutions in
optimal thresholds and a lack of standardization that limits
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the application of these techniques.* As such, it is difficult
to identify patients who can benefit from additional sur-
gery, as in cases of disease recurrence, vs patients who
are experiencing treatment efficacy, particularly in an era
of multiple pharmacological options (ie, temozolomide,
bevacizumab, targeted therapy, and promising immu-
notherapy trials).® '®F-Fluciclovine (Axumin®; Blue Earth
Diagnostics), a synthetic amino acid PET tracer, has been
used to identify cancer spread in prostate and breast
cancer®’ but its utility in GB is an area of active research.
Its low uptake in normal brain, selective tumor uptake, and
high lesion-to-background contrast profile (vs other com-
monly used tracers) make '8F-fluciclovine an attractive
agent.8®We therefore investigated this tracer’s use and re-
port 2 cases of patients undergoing surgery for recurrent
GB that demonstrate the feasibility of '8F-fluciclovine PET
plus MRl imaging to guide surgical sampling.

Case Presentation: Patient A

A 64-yearold woman with known GB (isocitrate de-
hydrogenase [IDH] wild type, Of%-methylguanine-DNA
methyltransferase [MGMT] promoter unmethylated) was
referred to Neurosurgery when interval changes on MRI
raised concern for possible disease progression vs treat-
ment effect. Sixteen months previously, at the time of the in-
itial diagnosis, she underwent craniotomy with gross total
resection and made an excellent recovery. She enrolled at
the University of Pennsylvania in the Adult Brain Tumor
Consortium 1202 clinical trial, receiving adjuvant radiation
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(60 Gy in 30 fractions) with concurrent temozolomide and
MK1775 (WEE1 inhibitor). Following radiation, she was
treated with 2 monthly cycles of temozolomide and MK
1775, but was withdrawn from the study because of intol-
erance to the latter drug. She was thereafter maintained
on monthly temozolomide cycles. The surveillance MRI at
16 months revealed increased thickening and nodularity of
enhancement at the cavity margins and a new small satel-
lite enhancing focus anteriorly (Fig. 1). The DSC perfusion
MRI was degraded by susceptibility artifact secondary to
blood products and therefore was nondiagnostic; how-
ever, given the progressive enhancement and possible
neoplastic progression, our interdisciplinary tumor board
recommended surgical resection. The patient met the
criteria for the'8F-fluciclovine PET study under way at
the University of Pennsylvania ('8F-Fluciclovine in Post-
treatment Glioblastoma, NCT03990285). Five days prior
to surgery, the patient underwent 60 minutes of dynamic
brain PET-CT imaging after intravenous administration of
8F-fluciclovine (5.16 mCi, 191 MBq). Subsequently PET-CT
images were reconstructed, and summed 30- to 40-minute
postinjection PET images were fused with standard MRI
images via surgical planning software (Brainlab).'8F-
fluciclovine uptake was quantified using the standardized
uptake value (SUV) normalized to body weight (Table 1).
Two areas of highest radiotracer uptake were identified
preoperatively and sampled intraoperatively using stereo-
tactic navigation during a left parietal craniotomy (Fig. 1).
After surgery the patient awoke neurologically intact.
Postoperative MRI confirmed a gross total resection of
the contrast-enhancing tumor and nodules. Histological

Fig. 1

Case A. At 16 months after initial resection, A, T1 postcontrast MRI shows gradual progression of nodular enhancement around the sur-

gical cavity with a satellite nodule anteriorly, and surrounding hyperintensity on B, fluid-attenuated inversion recovery. C, Source perfusion images
demonstrate marked susceptibility artifact due to blood products at the resection site, making the D relative cerebral blood volume perfusion map
nondiagnostic. E and F, Two "®F-fluciclovine PET—avid sites (biopsy 1 and biopsy 2) and G, 1 non—PET-avid site (biopsy 3), were sampled (white
arrows). Intraoperative navigation was used to stereotactically identify the sites after registration of the images to the navigation software. E, F, and

G, Orange navigation cross-hairs are faintly visible.
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Table1 PET Intensity and Pathology Findings

Specimen

Pathology Findings and Diagnosis

Patient A, mean brain SUV?@ (background) = 0.31

Biopsy 1 2.36 3.23
Biopsy 2 2.52 3.83
Biopsy 3 0.82 114
Patient B, mean brain SUV (background) = 0.60

Biopsy 1 3.71 6.09
Biopsy 2 4.05 5.19
Biopsy 3 3.40 4.07

Abbreviations: /DH, isocitrate dehydrogenase; SUV

max”’

maximum standardized uptake value; SUV

Overall 10% tumor

Final diagnosis: predominantly treatment-related
changes with foci of recurrent/residual glioblastoma,
IDH wild type

25% tumor

60% tumor

1% tumor

Overall 65% tumor
Final diagnosis: recurrent/residual glioblastoma,
IDH wild type, with treatment-related changes

50% tumor
70% tumor
30% tumor

mean standardized uptake value.

mean’

aSUV measurements are from 30- to 40-minute average images after PET radiotracer injection.

examination revealed that the 2 target nodules from the
areas of increased radiotracer uptake were positive for
recurrent glioma. Another specimen from the contrast-
enhancing component but with low radiotracer uptake
showed only atypical glial cells, consistent with treatment
effect (Fig. 2). A neuropathologist assessed the amount
of tumor semiquantitatively by estimating the density of
tumor in each tissue specimen. In addition to describing
the density of the neoplastic cells, the density estimation
accounting for treatment-related changes such as macro-
phage infiltrates and vascular changes was also recorded.
To reach a final tumor percentage, the density estimation
was subsequently weighted by the percentage of each
tissue specimen that consisted of tumor vs geographic ne-
crosis, predominant reactive changes, or both (Table 1),
similar to a method previously described.™

Case Presentation: Patient B

A 60-year-old woman with GB (/DH wild type, MGMT
promoter unmethylated) was referred for neurosurgical
opinion with concern for disease progression. Forty-six
months previously she underwent a craniotomy followed
by standard chemoradiation (Stupp regimen) and 1 year
of adjuvant temozolomide. She presented to the Hospital
of the University of Pennsylvania 44 months after initial
diagnosis with acute right leg weakness. The MRl dem-
onstrated 2 new areas of nodular enhancement along
the posterior aspect of the resection cavity, with another
satellite focus of enhancement posterior to the resection
cavity (Fig. 3) Followed initially with active surveillance,
an MRI 2 months later demonstrated interval-increased
enhancement along margins of the left parietal resection
cavity with marked elevation (6 times contralateral white
matter) of relative cerebral blood volume (rCBV) on DSC
perfusion imaging. This was concerning for GB recurrence,
and surgery was recommended. Four days prior to sur-
gery, the patient underwent 60 minutes of dynamic brain

PET-CT imaging after intravenous administration of 4.38
mCi (162 MBq) of "®F-fluciclovine. Subsequently PET-CT im-
ages were reconstructed and the summed 30- to 40-minute
postinjection images were merged with standard MRI im-
ages using surgical planning software (StealthStation,
Medtronic). Areas of highest radiotracer uptake were iden-
tified in a way similar to that of the first patient and were
sampled intraoperatively during a left parietal craniotomy
(Fig. 3). After a near-total resection of enhancing tissue,
the patient awoke neurologically intact. Pathologic assess-
ment revealed dense areas of recurrence with some infil-
tration and with signs of treatment (Table 1).

Ethical Standards

The patients provided informed consent to participate in
“Multimodality '8F-fluciclovine PET, MRI and cell free cir-
culating DNA to differentiate tumor progression from
pseudoprogression in patients with glioblastoma” (IRB
#832812, NCT03990285) approved by the University of
Pennsylvania Institutional Review Board.

I
Discussion

In our 2 posttreatment GB patients,'8F-fluciclovine
PET-guided biopsy was feasible and correlated with
histopathologic findings of tumor recurrence vs treatment
effect. Both patients demonstrated high radiotracer up-
take in the enhancing tissue compared to the normal brain
background uptake. In both patients,'8F-fluciclovine PET-
targeted biopsies identified foci that showed high tumor
content; in fact, the tumor content of at least 1 of the PET-
avid foci exceeded the overall tumor percentage of the en-
tire resection volume. In a discordant site, with relatively
low'8F-fluciclovine but with contrast enhancement, only
minimal tumor was present on biopsy, underscoring the
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Fig.2 Case A. Images stained with hematoxylin and eosin compare A, biopsy 2, a “hot” PET-avid site, vs B, biopsy 3, a “cold” site, contrasting
predominant findings of A, tumor recurrence vs B, treatment effect. Malignant cells with hyperchromatic chromatin and abundant mitotic activity
are noted in A, whereas a high macrophage population is seen in B. Images taken at 20x objective (with a 10x eye piece, total magnification 200x).

The scale bar in Figure 2A is 100 pm.

Fig.3 Case B. Nodular enhancement posterior to the resection cavity in left parietal lobe on A, T1 postcontrast, and with adjacent hyperintensity
on B, fluid-attenuated inversion recovery images. C, Source perfusion image and relative cerebral blood volume (rCBV) map demonstrate D, ele-
vated rCBV corresponding to the nodular and rim enhancement at A, left parietal surgical cavity. E and F, Three '"®F-fluciclovine PET-avid biopsy
sites are shown (E, small arrow, biopsy 1; larger arrow, biopsy 2; F, arrow, biopsy 3).

benefit of this molecular-based approach. This level of cor- Furthermore, in patient A, whose cavity revealed predom-
relation between imaging and histopathological findings inantly treatment effect (90%) and only 10% tumor in the
was not available with either standard gadolinium-based  total resected tissue, 1 of the PET-guided biopsies demon-
conventional MRI imaging or perfusion MRI. strated approximately 60% tumor. GB dynamically evades
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treatment in part through clonal evolution.” Therefore, it
may be advantageous to selectively target the most active
areas of neoplasia for histopathologic analysis to refine
therapy. A sensitive, specific, clinically relevant radiological
marker would identify and target foci of tumor recurrence in
the background of treatment effect. These cases support the
further investigation of '®F-fluciclovine as such a potential
marker; a previous report of '®F-fluciclovine-guided biopsy
in a patient with treatment-naive oligodendroglioma correl-
ated radiotracer uptake with tumor grade, cell density, and
Ki67 labeling index."?

Multiparametric MRI including postcontrast imaging is
the most widely used single modality in surveillance of GB
but its specificity to discriminate treatment-related changes
from recurrent disease is imperfect, especially because pa-
tients frequently harbor a mixture of tumor progression and
treatment effect, both of which may disrupt the blood-brain
barrier to allow contrast extravasation.® In addition, chronic
blood products that cause susceptibility artifact and inter-
fere with advanced MRI techniques such as DSC perfusion
imaging frequently confound studies in posttreatment GB
patients. However, the PET tracer approach described here
enables analysis of biological activity beyond the disruption
of the blood-brain barrier because it targets the specific use
of nutrients via upregulation of amino acid transporters in the
neoplastic cells.’®™

Because cell division and growth are hallmarks of neo-
plasia, amino acids, as integral substrates of protein and
nucleic acid synthesis, are potential markers of neoplastic
progression.'®F-Fluciclovine was first evaluated in human
clinical studies for patients with glioma, based on preclin-
ical studies of gliosarcoma.’® The safety of "®F-fluciclovine
PET in humans has been demonstrated in large urologic
studies to detect biochemical recurrence of prostate cancer.
This procedure exposes a patient to minimal radiation, and
very limited toxicity was noted in a multicenter study of
596 patients. In these tumors,'8F-fluciclovine is predomi-
nantly transported via 2 amino acid transporters, alanine-
serine-cysteine transporter and L-amino acid transporter,
with peak uptake 5 to 20 minutes after injection. Gliomas
show upregulation of these same transporters, especially
linked to transport of glutamine and leucine across cell
membranes.'® The tracer has been approved by the FDA
since 2016 for prostate cancer but also carries orphan des-
ignation for the diagnosis of glioma since April 2015, al-
though it has not been approved for this use."”

Recently Bogsrud et al published a retrospective
series of 21 patients with suspected recurrent high-grade
glioma who received'F-fluciclovine PET imaging with
no adverse tracer effects. Average SUV __ of the lesions
was 8.3 + 5.3, average SUV__ = for normal brain back-
ground uptake was 0.34 + 0.13, and therefore the median
lesion-to-background ratio was 21.6 (range, 3.1-84.4). Of
the 10 patients from whom tissue was obtained, all sites
of "8F-fluciclovine signal correlated with disease recur-
rence and there was no case of definite treatment-related
changes. Bogsrud and colleagues did, however, detect 4
cases in which a small (2-4 mm) satellite lesion was ev-
ident on PET that was absent on postcontrast MRI, sug-
gesting a higher sensitivity of '8F-fluciclovine PET over
contrast-enhanced MRI. Michaud and colleagues recently
reported the evaluation of '®F-fluciclovine PET, MRI, and

"C-methionine in 27 patients with recurrent or progres-
sive primary brain tumors. They found higher image con-
trast (and lower background uptake) with "8F-fluciclovine®
than with "C-methionine; however, their series lacked a
patient with confirmed treatment effect because all the
patients were ultimately diagnosed with tumor recur-
rence. Our study is the first, to our knowledge, to use'8F-
fluciclovine PET to differentiate recurrent tumor from
treatment effect in GB.

Small sample size limits our report, which should there-
fore be viewed as a preliminary feasibility study. A large
prospective study is under way at our institution that will
allow us to determine the predictive PET uptake thresholds
to differentiate tumor recurrence from treatment effect.

I
Conclusion

We demonstrated the feasibility of '8F-fluciclovine PET-
MRI-guided biopsy in posttreatment GB to distinguish
areas of highest tumor recurrence from areas of predom-
inant treatment effect. Our results in the 2 cases presented
here support the continuing exploration of '®F-fluciclovine
as a safe, potentially sensitive, clinically relevant bio-
marker of recurrent GB.®
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