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Purpose: This pilot study aimed to evaluate the amino acid tracer '*F-FACBC
with simultaneous PET/MRI in diagnostic assessment and neurosurgery
of gliomas.

Materials and Methods: Eleven patients with suspected primary or recur-
rent low- or high-grade glioma received an '*F-FACBC PET/MRI examina-
tion before surgery. PET and MRI were used for diagnostic assessment, and
for guiding tumor resection and histopathological tissue sampling. PET up-
take, tumor-to-background ratios (TBRs), time-activity curves, as well as
PET and MRI tumor volumes were evaluated. The sensitivities of lesion de-
tection and to detect glioma tissue were calculated for PET, MRI, and com-
bined PET/MRI with histopathology (biopsies for final diagnosis and
additional image-localized biopsies) as reference.

Results: Overall sensitivity for lesion detection was 54.5% (95% confi-
dence interval [CI], 23.4-83.3) for PET, 45.5% (95% CI, 16.7-76.6) for
contrast-enhanced MRI (MRI¢g), and 100% (95% CI, 71.5-100.0) for
combined PET/MRI, with a significant difference between MRIcg and
combined PET/MRI (P = 0.031). TBRs increased with tumor grade
(P = 0.004) and were stable from 10 minutes post injection. PET tumor
volumes enclosed most of the MRIcg volumes (>98%) and were generally
larger (1.5-2.8 times) than the MRI¢g volumes. Based on image-localized
biopsies, combined PET/MRI demonstrated higher concurrence with ma-
lignant findings at histopathology (89.5%) than MRI¢g (26.3%).
Conclusions: Low- versus high-grade glioma differentiation may be possi-
ble with '®F-FACBC using TBR. '®F-FACBC PET/MRI outperformed
MRIcg in lesion detection and in detection of glioma tissue. More research
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is required to evaluate '®F-FACBC properties, especially in grade II and III
tumors, and for different subtypes of gliomas.
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pproximately one third of all primary brain tumors are malig-

nant, and out of these ﬁhomas are the most common type ac-
counting for almost 80% Although brain malignancy overall is
relatively rare (the total incidence for gliomas is approximately
6 per 100,000 per year), these tumors cause significant mortality
and morbidity.” Gliomas are classified according to World
Health Organization (WHO) grades Ito IV based on hrstopatho-
logical and molecular features,* and tumor grading is essential
for the choice of theragnes and for estimation of treatment response
and overall prognosis.

Routine examinations for patients with cerebral gliomas in-
clude histopathological tissue sampling and MRI. For primary diag-
nosis, histopathological evaluation is considered the criterion
standard according to the recent 2016 WHO classification of tu-
mors of the central nervous system.* However, due to the heteroge-
neous nature of gliomas, tissue sampling may result in sampling
errors leading to underestimation of malignancy grade. Further-
more, MRI has limitations with respect to identifying tumor grade,
true tumor extension, and differentiation of viable tumor tissue from
treatment-induced changes and recurrences.

The introduction of clinically available PET/MRI systems in
2010° has resulted in new opportunities in advanced medical i imag-
ing procedures where anatomical, functional, and physiological im-
ages now can be acquired simultaneously with high diagnostic
accuracy. PET/MRI has demonstrated great promise in areas where
MRI is the predominant image modahty, such as in neurologlcal
cardiac, and soft tissue applications.” By combining the superior
soft tissue contrast of MRI with the quantitative information of cel-
lular act1v1ty and metabolism prov1ded by PET, the diagnostic accu-
racy in glioma may likely improve.'®

Amino acid (AA) PET is recommended by current guidelines
as a complement to CT or MRI in brain tumor diagnostics, resec-
tion, br%psy, treatment planning, and therapy response assess-
ment. AA PET has also demonstrated additional value in
noninvasive grading of gliomas by calculating the tracer uptake ratlos
or time-activity curves (TACs) from dynamic PET acqu1s1t10ns 14
However, the current recommendations for PET imaging in %110-
mas only cover the most Wldely used AA PET tracers O-2
Fluoroethyl)-L-tyrosine ['®F-FET], L- [methyl— C]Methronrne
[''C-MET], and L-3,4-Dihydroxy-6-['*F]fluorophenylalanine
['*F-FDOPA)), whereas there are more than 20 additional AA
PET tracers available for tumor imaging applications, 1nclud1ng anti-1-
amino-3-['® ]ﬂuorocyclobutane 1-carboxylic acid (‘*F-FACBC),"
also known as fluciclovine ('*F) or Axumin (Blue Earth Diagnostics
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Ltd, United Kingdom). '®F-FACBC was originally developed for
brain tumor applications,'® but is most commonly used for prostate
cancer imaging.'®'? Only a few studies have evaluated the diagnos-
tic performance of '*F-FACBC in gliomas, suggesting benefits in the
detection of glioma spread not detectable with contrast-enhanced
MRI (MRI¢g).2%*" Higher tumor-to-background ratios (TBRs)
have also been found with '*F-FACBC com]z)ared with the cur-
rent recommended amino acid PET tracers,”' >* implying that
'8F_.FACBC may be superior for glioma detection compared with
currently recommended tracers.

Differences in uptake and transport mechanisms may lead to
variable uptake patterns among AA PET tracers. Nonnatural tracers,
such as '®F-FACBC, '®F-FET, and 'SF-FDOPA, mainly represent
transport, whereas the natural tracer ''C-MET represents transport,
protein synthesis, and nonprotein metabolic pathways.'>*> Theoret-
ically, this could indicate that dynamic analysis of ' *F-FACBC up-
take could be useful in noninvasive grading of gliomas, as shown
for 'F-FET.?*° However, different AA transporter systems are in-
volved for different AA PET tracers,*! which may impact tracer dis-
tribution, including uptake in inflamed tissue, and blood-brain
barrier (BBB) passage. Further studies of '*F-FACBC are therefore
needed to validate its potential in the workup of glioma patients.

The aim of this study was to assess the diagnostic value of
'8F_.FACBC PET/MRI in patients with low- or high-grade glioma
by analyzing and comparing PET uptake, tumor volumes, TBRs,
and TACs to MRI and histopathology. Furthermore, the use of
"F_.FACBC PET/MRI in guiding surgical resection and tissue
sampling was evaluated by comparing images to histopathology
(image-localized biopsies).

MATERIALS AND METHODS

Subjects

Eleven patients (4 females) with suspected primary or recur-
rent low- or high-grade glioma were included in this study. Average
patient age was 44 + 18 years (range, 16—72 years). The patients re-
ceived 3.11 = 0.14 MBq/kg (average total dose, 235.5 + 54.4 MBq)
'®F_FACBC at the onset of PET/MRI acquisition.

The study was approved by the Regional Ethics Committee
(REK, reference number: 2016/279) and as a clinical trial of
fluciclovine (‘*F) by the Norwegian Medicines Agency (EudraCT
no 2016-000939-41). All patients signed written informed consent
to participate in the study.

Imaging

A hybrid PET/MRI system (Siemens Biograph mMR,
Erlangen, Germany) was used for simultaneous PET and MRI ac-
quisitions. Patients were injected with '"®F-FACBC on the examina-
tion table, and list-mode PET was acquired 0 to 45 minutes post
injection (p.i.). MRI sequences were acquired according to current
consensus recommendations on standardized brain tumor imaging
protocols®® and included pre— and post-contrast-enhanced 3D T1,
3D fluid attenuated inversion recovery (FLAIR), and T2, as well as
an ultrashort echo time sequence for PET attenuation correction pur-
poses. Diffusion, perfusion, and chemical shift imaging spectroscopy
were also acquired, but were not analyzed in the current study.

PET Reconstruction and Analysis

PET image reconstruction was performed with iterative
reconstruction (3D OSEM algorithm, 3 iterations, 21 subsets,
344 x 344 matrix, 4-mm Gaussian filter) with point spread func-
tion, decay, scatter, and attenuation correction. Static PET images
(30-45 minutes p.i.) were used for calculations of SUVs based on

© 2019 The Author(s). Published by Wolters Kluwer Health, Inc.

patient body weight and estimation of TBRs. A volume of interest
(VOI) covering the whole tumor was placed manually on the recon-
structed static PET images (defined by FLAIR for PET-negative tu-
mors; PMOD software version 3.903; PMOD Technologies LLC,
Ziirich, Switzerland) to assess the highest tumor uptake (SUV ,.4).
SUV,cakc Was defined semiautomatically by letting the program se-
lect a spherical peak VOI (2 mL) covering the region with highest
activity uptake to assess the average uptake in a larger region of
the tumor. The mean background uptake (SUVy,) was calculated
by placing a VOI (2 mL) in the contralateral hemisphere, avoiding
the ventricles. TBRy,x and TBR,c.« were calculated as tumor
SUV ax and SUV e, divided by SUV,.

For estimation of TACs and TBR dependence over time, list-
mode PET data were reconstructed into 12 x 5-, 6 x 10-, 6 x 30-,
5 % 60-, and 7 x 300-second frames. PMOD was used for dynamic
analysis of PET data. TBR,¢,k variations over time were calculated
for PET-positive tumors by dividing SUV e, by SUV,,, for each
time point.

Clinical Evaluation of PET and MRI Scans

A nuclear medicine physician evaluated the static PET im-
ages, and a neuroradiologist evaluated the MRI scans. In this cohort
of patients, tumors with TBR,,., greater than 2 were classified as
PET positive.

Pathology on MRI scans was assessed and defined by con-
trast enhancement on T1, high-intensity on T2 and FLAIR (exclud-
ing edema), and/or low-intensity on precontrast T1 (see Tumor
Volume Delineation). The overall assessment of MRI was based
on all MRI sequences (FLAIR, T1, and T2) and denoted MRI*.

Tumor Volume Delineation

Tumor volumes were defined for PET, high-intensity FLAIR
(FLAIRy;), MRIcE, and for the overall estimated MRI tumor vol-
ume (MRIpynor; based on FLAIR, T1, and T2) using PMOD.

The PET tumor volumes were delineated by applying a large
continuous search VOI covering the whole tumor and subsequently
applying an isocontour at 2xSUV),, for voxels within the VOI. Re-
gions considered to be nontumor tissue (ie, vessels and meningea)
inside the segmented volume were excluded manually, and the final
PET tumor volume was calculated.

FLAIRy; and MRIcg tumor volumes were delineated using
a large VOI covering the whole tumor and subsequently applying
a manually adjusted threshold value to fit the visual volume as
judged by the neuroradiologist. FLAIRy; occasionally also in-
clude peritumoral edema, and parts of the FLAIR images deemed
as edema were manually removed by an experienced neuroradiol-
ogist, to assess MRIpymor, using T1 and T2 as guidance.

All volume estimations were performed with matched PET
and MRI datasets, where PET was registered to the MRI. The
intersected PET and MRI (MRIcg, FLAIRyy;, and MRIpymer) Vol-
umes were calculated as the percentage of the different MRI vol-
umes enclosed in the PET volume of each patient.

Histopathological Tissue Sampling and Surgery

Static PET images were fused with FLAIR images (and T1
postcontrast for tumors with contrast enhancement) and imported
into the Sonowand Invite Neuronavigation System (Sonowand
AS, Trondheim, Norway) together with FLAIR and contrast-
enhanced T1 before surgery. These images were used together with
intraoperative 3D ultrasound during histopathological tissue sam-
pling and resection.’® One large (nonlocalized) biopsy was ex-
tracted from the central parts of each tumor before resection. The
large biopsy was used for the final histopathological diagnosis. Five
patients gave written consent to the Mid-Norway Brain Tumor
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Registry and Biobank to collect 3 to 4 image-localized biopsies
from their tumors for histopathological analysis, and these were
taken from different regions in the tumor before resection. The
biopsies were diagnosed according to the current WHO classifi-
cation with I[DH1 R132H mutation, 1p/19q codeletion, 7P53 mu-
tation, and ATRX mutation. MGMT promoter methylation,
TERT promotor mutation, and Ki67 labeling index were also ob-
tained. Full descriptions of histopathological tlssue sampling,
analyses, and surgery were published previously.** To accurately
localize the biopsies in the PET/MRI scans and to recover brain
shift, the intraoperative 3D ultrasound was nonlinearly registered
to the presurgical FLAIR after surgery usmg RaPTOR (robust
patch-based correlation ratio) algorithm in MATLAB.?* The co-
ordinates were then transposed to PET and MRI scans in PMOD
to correlate the histopathological results with the image results
for each biopsy.

Statistical Analysis

The overall sensitivity of lesion detection was calculated
for PET, MRI¢g, and combined PET/MRI* using the large
nonlocalized biopsies/final histopathological diagnosis as reference
for all patients (only imaging as reference for patient 9). McNemar
exact test for correlated proportions was used for statistical compar-
ison of MRI¢cg to PET/MRI* and of PET to MRIcg; P < 0.05 was
considered statistically significant. The 95% confidence intervals
(ClIs) were calculated using the Clopper-Pearson exact method
and Stata/MP (versmn 15.1; StataCorp LLC, College Station,
TX). To compare 8F_FACBC uptake (TBRpax» TBRmean, SUV hax»
and SUV can) between tumor grades (11, 111, and 1V), a Kruskal-
Wallis test was applied (using IBM SPSS Statistics 25), and
P =< 0.05 was considered statistically significant.

The sensitivity to detect glioma tissue was calculated by com-
paring PET, MRIcg, FLAIRy;, MRItymer and PET/MRIpy 0 to
histopathological results based on the image-localized biopsies
taken from 5 patients before resection. Because the sample size of
the data was small and there were dependencies in the data (3—4
biopsies/patient), no statistical comparisons were performed for
the detection of glioma tissue.

RESULTS

Clinical Evaluation

Histopathology revealed 5 grade I'V tumors (glioblastoma), 2
grade III tumors (1 anaplastic oligodendroglioma and 1 anaplastic
astrocytoma), and 3 grade II tumors (2 oligodendrogliomas, 1 dif-
fuse astrocytoma; Table 1). In one tumor, tissue sampling was unob-
tainable due to localization in the brainstem, and this tumor was
diagnosed as a low-grade glioma (grade II) based on MRI findings.
Six of the patients demonstrated tumor uptake of '*F-FACBC and
were considered PET positive by the nuclear medicine physician
(all grade IV and 1 grade III; Table 1 and Fig. 1). TBR was higher
for the high-grade tumors compared with the low-grade tumors.
The background activity was generally low, with an average of
SUVp = 0.36 = 0.14. On MRI, all tumors were considered patho-
logical based on FLAIR, T1 (precontrast and postcontrast), and
T2 images by the neuroradiologist. However, only grade IV tumors
showed contrast enhancement.

The overall sensitivity of lesion detection (Table 1) was
54.5% (95% CI, 23.4-83.3) for PET, 45.5% (95% CI, 16.7-76.6)
for MRIcg, and 100% (95% CI, 71.5-100.0) for combined PET/
MRI* (including all MRI scans; FLAIR, T1, and T2). There was
a significant difference in lesion detection between MRIcg and
combined PET/MRI* (P = 0.031), but not between MRIcg and
PET (P = 1.000).

'"®F_FACBC uptake increased with tumor grade, and signifi-
cant differences in tumor uptake between grades were observed
(P =0.004 for TBR,ax and TBR,ean, P = 0.007 for SUV ., and
P =10.015 for SUV can)-

Dynamic PET Analysis

The mean tumor uptake over time (SUV ,,,) for PET-positive
tumors reached a peak at 43 seconds p.i., and after stabilization, a
slow increase was observed. SUV ¢, did not reach maximum dur-
ing the 45 minutes acquisition but was continuously increasing
from 5 minutes p.i.. Activity uptake in normal brain (SUVy,)
showed a slow increase from 2 minutes p.i. (Fig. 2A). TBReax
was found to be stable from 10 minutes p.i. (Fig. 2B).

TABLE 1. Summary of All Patients and Clinical Evaluations

Primary/ Histopathological
Patient Age Sex Recurrent Tumor Diagnosis (WHO Grade) TBRy0/SUViax  TBRpea/SUVpeak SUVy, PET MRIcg PET/MRI*
2 55 M Recurrence Glioblastoma (IV) 24.6/5.5 14.3/3.2 0.2 Yes Yes Yes
7 57 M Primary Glioblastoma (IV) 20.0/6.9 9.2/32 04 Yes Yes Yes
4 72 M Primary Glioblastoma (IV) 14.5/4.6 8.012.5 0.3 Yes Yes Yes
10 59 F Recurrence Glioblastoma (IV) 10.1/7.3 6.5/4.7 0.7 Yes Yes Yes
117 16 M Primary Glioblastoma (TV) 8.2/1.8 6.0/1.3 02  Yes Yes Yes
1 60 F Primary Anaplastic oligodendroglioma (III) 4.2/1.8 32/14 04 Yes No Yes
3 42 M Recurrence Oligodendroglioma (1) 3.9/1.5% 2.0/0.8% 0.4 No No Yes
6 21 M Primary Oligodendroglioma (II) 3.5/1.0% 1.6/0.4% 0.3 No No Yes
8 40 F Primary Anaplastic astrocytoma (1II) 3.0/1.0% 1.1/0.4% 04 No No Yes
9 36 F Primary Low-grade glioma (I)§ 1.4/0.5 1.1/0.4 04 No No Yes
5 26 M Primary Diffuse astrocytoma (II) 1.4/0.4 1.0/0.3 0.3 No No Yes

All patients included in the study with final histopathological diagnosis, SUV (max, peak, and background), TBR (max and peak), and clinical PET and MRI results. Patho-
logical results are denoted “yes” and nonpathological results are denoted “no.” The patients are ordered from highest to lowest TBR.

*Overall assessment based on FLAIR, T1, and T2 images.

FPET image acquisition was interrupted due to anxious patient and images were therefore reconstructed 45-60 minutes post injection.

iHigher values were found in these tumors due to spill-out effects from tissue with higher uptake and were considered PET negative by nuclear medicine physician.

§No biopsy possible due to tumor location in brain stem.
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FIGURE 1. Fused PET/FLAIR images of all patients ordered from highest to lowest TBR. Patients with PET-positive tumors in top
row: (A) patient 2, (B) patient 7, (C) patient 4, (D) patient 10, (E) patient 11, and (F) patient 1. Patients with PET-negative
tumors in bottom row: (G) patient 3, (H) patient 6, (I) patient 8, (J) patient 9, and (K) patient 5. The PET color scale was set from
SUVpg to SUVmax for PET-positive tumors and from SUV,,4 to SUV = 2 for PET-negative tumors, to better visualize the MRI scans.
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FIGURE 2. A, Tumor maximum (SUV,,), tumor peak (SUV,e,), and background uptake (SUVb8). B, Peak

tumor-to-background ratio (TBRyeai) With time for the PET-positive tumors (patients 1, 2, 4, 7, 10, and 11). Standard
deviations are given for each time point. The large standard deviation in TBRye.« at T minute was due to movement of 1 patient.
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TABLE 2. Tumor Volumes

Intersect PET Intersect PET Intersect PET
Patient PET, cm® MRIg, em® FLAIR,y;, cm® MRIymon cm> and MRI¢g, % and FLAIRyy;, % and MRIymon %
2 68.8* 26.6* 62.8% 52.5% 100 78.6 914
7 18.9 9.9 58.7% 9.9§ 98.3 27.1 98.3
4 45.0 223 NA| NA|| 99.7 NA| NA||
10 28.0 18.4 85.2% 18.4§ 98.9 29.9 98.9
11 9.6 34 76.1 76.1 99.7 11.2 112
1 16.7 — 23.6 23.6 — 56.4 56.4
3 — — 9.1 72 — —
6 — — 26 26 — —
8 — — 442 442 — — —
9 — — 0.7 0.7 — —
5 — — 2.1 2.1 — —

Tumor volumes as defined for PET, MRIcg, FLAIR}y;, and MRIqyo The intersected PET and MRI (MRI¢g, FLAIRy;, and MRIqyno,) volumes were calculated as the per-
centage of the different MRI volumes enclosed in the PET volume of each patient. The patients are ordered from highest to lowest TBR.

*Including surgical cavity.
FIncluding edema, white matter changes, and surgical cavity.
i Tumor surrounded by edema.

§Tumor component on FLAIR images is equal to contrast-enhanced MRI region as judged by an experienced neuroradiologist.
|[[Not applicable. Not possible to differentiate tumor tissue from confluent white matter changes (Fazekas grade 3).

Tumor Volumes

Tumor volumes defined by PET enclosed most of the MRIcg

volume (intersection >98%) and were larger (1.5-2.8 times the
MRIcg volume) for the PET-positive tumors. The FLAIRy; vol-
umes were generally larger than the PET volumes, whereas the
MRItymor Volumes varied in size compared with the PET volume

(Table 2 and Fig. 3).

Image-Localized Biopsies

Nineteen image-localized biopsies were extracted from
5 patients. The biopsy sites, overlaid on PET/FLAIR images, are

shown in Figure 4. The corresponding histopathological, PET, and
MRI results are summarized in Table 3. PET was positive for all
grade IV samples, for 8 of 14 grade II/III samples, and for 1 of 2
grade I samples; however, all samples associated with anaplastic
astrocytoma were PET negative.

The observed sensitivity to detect glioma tissue, based on image-
localized biopsies (Table 3), was 63.2% for PET, 26.3% for MRIc,
100% for FLAIRy;, and 73.7% for MRIp,.. Combined PET/
MRItmor had higher sensitivity (89.5%) than PET or MRIp,o; alone.

Cell proliferation (Ki67 labeling index) were generally higher
for PET-positive samples with mean Ki67 of 6.7% for PET-positive
samples and mean Ki67 of 3.9% for PET-negative samples. Six of

FIGURE 3. Tumor volumes defined by PET (red), FLAIRy, (gray), and MRIcg (green) for patients with PET-positive tumors ordered
from highest to lowest TBR. Grade IV tumors: (A) patient 2, (B) patient 7, (C) patient 4, (D) patient 10, and (E) patient 11, and

the grade Ill tumor: (F) patient 1.
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FIGURE 4. Fused PET/FLAIR images with localized biopsy sites (marked in pink) for (A-D) patient 1, (E-H) patient 2, (I-K) patient
7, (L-0) patient 8, and (P-S) patient 10.
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TABLE 3. Results for the Image-Localized Biopsies

Histopathologic Diagnosis (WHO Grade,

Patient Biopsy Ki67, Cell Density, Tumor Markers Present) PET MRIcg  FLAIRygy  MRlIpgmer PET/MRIpumor
1 Nonlocalized biopsy*  Anaplastic oligodendroglioma (III, 20%, high,
IDHI R132H, 1p/19q, MGMT, TERT)

A I/, 12%, high, IDHI RI132H, 1p/19q, TERT 1.6 (+) - + + +

B I/, 8%, high, IDHI R132H, 1p/19q, TERT 0.9 (+) - + + +

C 11, 8%, moderate, IDHI R132H, 1p/19q, TERT 1.0 (+) - + + +

D* I, 5%, moderate, [DHI R132H, 1p/19q 0.5() - + + +
2 Nonlocalized biopsy Glioblastoma (IV, 20%, high, TP53)

E 111, 9%, moderate 4.7 (+) + + + +

F IV, 10%, high 12+ +1 + + +

Gt 11, 9%, high 1.6 (+) - + + +

H 111, 9%, high 0.7 (+) +1 + + +
7 Nonlocalized biopsy Glioblastoma (IV, 20%, high, MGMT, TERT)

I I/, 1%, moderate, MGMT, TERT 0.7 (+) + + + +

J 11, 15%, high, MGMT, TERT 0.5(-) - + - -

K I/, 1%, moderate, MGMT, TERT 0.8 (-) - + - -
8 Nonlocalized biopsy Anaplastic astrocytoma (I1I, 11%, high, IDH1

RI132H, TP53, ATRX)

L I, 2%, moderate, ATRX 03 () - + + +

M+t 1/, 1%, moderate, ATRX 03 () - + + +

N 11, 1%, moderate, IDHI R132H, ATRX 03(-) - + + +

(0] 111, 2%, moderate, ATRX 0.6 () - + + +
10 Nonlocalized biopsy Glioblastoma (IV, 24%, high)

P*y I, 1%, moderate 4.0 (+) -§ + - +

Q 11, 2%, moderate 4.1 (+) -§ + - +

R 1V, 6%, high 44 (+) —§ + - +

S IV, 5%, high 3.0(+) + + + +

Histopathological, PET, and MRI results of the patients (1, 2, 7, 8, and 10) where image-localized biopsies were sampled.
*Inconclusive for MGMT promoter methylation due to small amount of tissue or small amount of degraded DNA.
fInconclusive for TERT promoter mutation due to small amount of tissue or small amount of degraded DNA.

{Positive, but in necrotic area.
§Negative, but close to MRI¢g region.

7 samples with high cell density were PET positive. Four of 6 sam-
ples expressing TERT promoter methylation, 3 of 5 samples express-
ing IDHI R132H, 3 of 4 samples expressing 1p/19q codeletion, and
1 of 3 samples expressing MGMT promoter methylation were PET
positive. Samples with ATRX mutation were PET negative. None of
the image-localized biopsies expressed 7P53 mutation.

Nonlocalized Biopsies

Full histopathological results for the nonlocalized biopsies in
5 of the patients is found in Table 3. PET was positive in tumors ex-
pressing MGMT promoter methylation, TERT promoter mutation,
and/or 1p/19q codeletion. PET was negative in the tumor expressing
ATRX mutation. Tumors expressing /DHI R132H and/or TP53 mu-
tation were either PET positive or PET negative.

DISCUSSION

This is one of the first studies evaluating the amino acid PET
tracer '®F-FACBC in patients with suspected primary or recurrent
low- or high-grade glioma and, to our knowledge, the first study
to use simultaneous '*F-FACBC PET/MRI in diagnostic assess-
ment and neurosurgery of gliomas.

'"®F_-FACBC uptake in high-grade tumors was generally high,
whereas uptake in normal brain was low, resulting in higher TBR
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compared with other amino acids used in brain tumor imaging,
but comparable to other studies using '*F-FACBC in glioma evalu-
ation. This indicates that '®F-FACBC could be better suited for
high-grade glioma detection than, for example, ''C-MET, espe-
cially for very small tumors.>'>* Of interest, our data suggest that
"8E-FACBC tumor uptake alone may be sufficient to differentiate
low- from high-grade gliomas with reasonable accuracy, because
significant differences in tumor uptake (TBR and SUV) between
grades were found. However, this assertion needs to be studied in
larger samples of well-characterized gliomas.

All glioblastomas and anaplastic oligodendrogliomas
showed '®F-FACBC uptake in our study as well as in previous stud-
ies.2%?!** However, there are reported uptake differences for grade
11 and IIT tumors using '*F-FACBC. For other AA PET tracers, ap-
proximately two thirds of low-grade gliomas show tracer uptake,®
but in our study, no PET uptake was observed in all 4 grade II tu-
mors and in 1 grade III (anaplastic astrocytoma) tumor. Another
study evaluating the same PET tracer in low- and high-grade tumors
found PET uptake in all tumors, including grade II diffuse astrocy-
tomas.>* However, in that study, 2 diffuse astrocytomas demon-
strated a lesion-to-contralateral normal brain tissue (L/N) ratio less
than 2, which would have been considered PET negative in our
study. Furthermore, 1 grade II oligodendroglioma and 1 grade III
anaplastic astrocytoma were clearly PET positive in their study,
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whereas these type of tumors were PET negative in our study.
Wakabayashi et al* comlpared histopathology (35 patients, 46
biopsy specimens) with "*F-FACBC uptake in low- and high-
grade gliomas, and reported uptake in most low-grade tumors/
specimens. However, the criterion for PET positivity was not
stated in that study, and comparison to our results is therefore dif-
ficult. Commonly used TBR thresholds for defining biological
tumor volumes (ie, PET-positive re%ions) for other AA PET tracers
vary between 1.3 and 2.0 for !C-MET, '®F-FET, and '|F-
FDOPA.*”>? In this study, a TBR of 2.0 was chosen (2xSUV}y),
but the optimal TBR cutoff for '*F-FACBC needs further validation
in future studies.

For all PET-positive tumors, the uptake pattern appeared
quite similar to the results of Kondo et al*! with rather stable TACs
until the end of acquisition. The dynamic uptake demonstrated that
the TBR was constant 10 to 45 minutes p.i., which indicates that
static PET acquisitions should preferably be performed within
this interval.

Of interest, there seems to be differences in the tumor tracer
kinetics between 'SF-FACBC and 'F-FET. The continuously in-
creasing TAC, typical for low-grade tumors, and decreasing TAC,
typical for high—§rade tumors with '*F-FET,**° cannot be robustly
evaluated with 'SF-FACBC due to the very low uptake in low-grade
tumors.>* A possible explanation for the apparent differences be-
tween the dynamic properties of '®F-FACBC and '*F-FET could
be the different transport mechanisms involved in AA transport.
For '8F-FET, the uptake in cancer cells is primarily regulated by leu-
cine preferring system L,'>* and the L-type amino acid transporter
1 (LAT1) has been proven to be responsible for the intracellular ac-
cumulation of '"*F-FET in glioma cell lines.*"** 'F-FACBC uptake
is mediated by both LAT1 and alanine-serine-cysteine transporter 2
(ASCT2), but with higher affinity for the latter.”**> Both LAT1 and
ASCT? are substantially upregulated in many cancerous tissues rel-
ative to most other AA transporters.*® LAT1 expression correlates
with cell proliferation and angiogenesis.*” ASCT2 seems to have
an important role in tumor progression, because the expression is el-
evated in human cancer cells such as hepatocellular carcinoma, co-
lorectal cancer, breast cancer, prostate cancer, and gliomas.'>*®
ASCT?2 expression has been shown to be ~2.5-fold higher in ana-
plastic astrocytoma tissue, glioblastoma tissue, glioma cultures,
and metastases compared with control tissue.*” System L AA trans-
port system is advantageous in brain tumor imaging due to the abil-
ity to cross the BBB,?! and it seems possible that the difference
between PET uptake of '*F-FACBC and other AAs could be due
to different roles of the A A transporter mechanisms at the BBB. An-
other possible explanation could be different intracellular fates of
the AAs after transport to the tumor tissue. Our results indicate that
dynamic '"®F-FET PET is preferable over dynamic '*F-FACBC PET
to differentiate between glioma grades and types.

The PET volumes were larger than the MRIcg volumes and
enclosed most MRIcg volumes almost completely. This corre-
sponds well to previous studies demonstrating that PET was able
to detect glioma spread that was not detectable by MRI¢. 22! For
patient 1 (anaplastic oligodendroglioma), no contrast enhancement
was detected, whereas a clear PET uptake was observed. This could
indicate that the tumor underwent recent malignant transformation
better detected by '*F-FACBC PET than MRIcg. Unterrainer et al>
demonstrated that '"*F-FET PET showed a high detection rate of
both tumor progression and malignant transformations, even before
progression on MRI was observed, and it is possible that the same is
true for '®F-FACBC. The FLAIRyy; volume was generally larger
than the PET volume, but it was clearly difficult to delineate the bi-
ological tumor volume based on FLAIRy;, T1, and T2 (here
MRy o) for grade IV tumors. It was a highly subjective approach,
and although the sensitivity for MRIp,,mor Was higher (73.7%) than
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for PET (63.2%), adding PET to the MRI examination will increase
the sensitivity to detect glioma tissue up to 89.5%. Using FLAIRy;
alone to detect tumor tissue could be tempting given the sensitivity
shown in this study, but one has to consider that all the biopsies were
collected closely to the main tumor bulk and not in the periphery,
thus overestimating the sensitivity of FLAIRy;. It is well known that
other conditions involving white matter gives an increased FLAIR
signal, such as vasogenic edema.

A thorough analysis of each image-localized biopsy was per-
formed to evaluate whether '*F-FACBC PET uptake was related to
specific tumor properties and markers. PET-positive samples had
generally higher tumor grade, Ki67 labeling index, and cell density,
in accordance with previous studies.”** LAT1 expression corre-
lates with cell proliferation,*” which may explain the higher Ki67
values for PET-positive samples. The majority of the samples ex-
pressing 1p/19q codeletion and TERT promoter mutation were
PET positive. Furthermore, tumors expressing 1p/19q codeletion,
TERT promoter mutation, and/or MGMT promoter methylation
were PET positive, which could indicate an association between
these tumor markers and PET uptake. In support, Tsuyuguchi et al**
found an association between TERT promoter mutation and high
PET uptake. Of note, both TERT promoter mutation and MGMT
promoter methylation have been shown to predict prognosis in pa-
tients with glioblastoma.>® However, the relation between these tu-
mor markers and '®F-FACBC uptake should be evaluated further
in larger studies.

This pilot study has several limitations, of which the small
sample size can be considered one of the most important. Further-
more, image-localized biopsies should have been sampled also from
regions without tumor components, but this was not performed in
the current study due to the extra risk associated with such proce-
dures in the brain. This is a major drawback in the context of proper
statistical analyses, because specificity, accuracy, and negative pre-
dictive values become inconsiderable, and all positive predictive
values become 100%.

PET/MRI scan registration to the intraoperative 3D ultra-
sound is another limitation. The error associated with the RaPTOR
registration algorithm is estimated to be ~1 to 2 mm.>® Some
samples were taken close to the border of PET and MRI¢g re-
gions according to the performed registration, and these samples
may have been vulnerable to this registration error. Tumor shift is
another limitation, which may have led to some biopsies not be-
ing sampled from the desired place due to suboptimal insight.
Our sampling method did not contain automatic, intraoperative
brain shift compensation.

CONCLUSIONS

TBRs were higher for '®F-FACBC compared with other
tracers for brain tumor imaging, and tumor uptake increased with
tumor grade, indicating that low- versus high-grade glioma differen-
tiation may be possible using the uptake levels of the tumors. In
contrast, the potential for differentiating tumor grades by means of
TAC characteristics is limited due to low tracer uptake in low-
grade tumors. '*F-FACBC PET/MRI delineated tumor extension
better than MRI¢g and outperformed MRIcg in detection of glioma
tissue. ' ®F-FACBC PET is suitable for histopathological tissue sam-
pling and tumor resection, because tumor grade, cell proliferation,
and cell density in PET-positive regions were found to be high. Fur-
ther studies are needed to evaluate '*F-FACBC properties, espe-
cially in grade II and III tumors.
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