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Purpose: The study aims to evaluatewhether combined 18F-FACBC PET/MRI
could provide additional diagnostic information compared with MRI alone
in brain metastases.
Patients and Methods: Eighteen patients with newly diagnosed or suspected
recurrence of brain metastases received dynamic 18F-FACBC PET/MRI.
Lesion detection was evaluated on PETandMRI scans in 2 groups depending
on prior stereotactic radiosurgery (SRS group) or not (no-SRS group). SUVs,
time-activity curves, and volumetric analyses of the lesions were performed.
Results: In the no-SRS group, 29/29 brain lesions were defined as “MRI
positive.” With PET, 19/29 lesions were detected and had high tumor-to-
background ratios (TBRs) (Dmax MR, ≥7 mm; SUVmax, 1.2–8.4; TBR,
3.9–25.9), whereas 10/29 lesions were undetected (Dmax MR, ≤8 mm;
SUVmax, 0.3–1.2; TBR, 1.0–2.7). In the SRS group, 4/6 lesions were de-
fined as “MRI positive,” whereas 2/6 lesions were defined as “MRI neg-
ative” indicative of radiation necrosis. All 6 lesions were detected with
PET (Dmax MR, ≥15 mm; SUVmax, 1.4–4.2; TBR, 3.6–12.6). PET volumes
correlated and were comparable in size with contrast-enhanced MRI volumes
but were only partially congruent (mean DSC, 0.66). All time-activity curves
had an early peak, followed by a plateau or a decreasing slope.
Conclusions: 18F-FACBC PET demonstrated uptake in brain metastases
from cancer of different origins (lung, gastrointestinal tract, breast, thyroid,
and malignant melanoma). However, 18F-FACBC PET/MRI did not im-
prove detection of brain metastases compared withMRI but might detect tu-
mor tissue beyond contrast enhancement on MRI. 18F-FACBC PET should
be further evaluated in recurrent brain metastases.
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I t is estimated that 10% to 40% of patients with cancer will de-
velop 1 or more brain metastases.1–3 These originate most fre-

quently from lung cancer, followed by breast cancer and malignant
melanoma.4 Patients with brain metastases have a poor prognosis
with a median survival of 6 months and a 2-year survival of 8.1%.5,6

Stereotactic radiosurgery (SRS) is frequently the preferred treatment
for patients with brain metastases, but whole-brain radiation therapy,
neurosurgical resection, and/or systemic treatments such as chemo-
therapy, immunotherapies, and targeted therapy can also be consid-
ered.7,8 Late diagnosis may limit treatment options,9 and early identi-
fication and accurate localization of brain metastases are therefore
important for treatment planning and preventing further deterioration
of the patient.10 Precise tumor delineation and tools to differentiate
brain metastases from treatment-related changes, such as radiation
necrosis, are also of high importance.

Contrast-enhanced MRI (ce-MRI) is currently the recom-
mended imaging modality for the detection of brain metastases.11

MRI provides high-resolution anatomical imageswith excellent soft
tissue contrast, and contrast agents increase visibility of pathology
when the blood-brain barrier (BBB) is disrupted. Brain metastases
are considered to be well delineated on ce-MRI, and the sensitivity
for detection is high also for small metastases. However, contrast
enhancement is a marker for BBB disruption, which may be caused
by radiotherapy, infection, inflammation, ischemia, and other afflic-
tions.11 Contrast enhancement is therefore not specific for malig-
nancy, and ce-MRI has limitations for instance in separating recur-
rence of brain metastases from treatment-related changes, a challenge
regularly occurring in clinical practice. The accuracy may be im-
proved with perfusion-weighted MRI, but the literature is still lim-
ited, and alternative tools for diagnosing recurrent brain metastases
after treatment are warranted.12

Amino acid (AA) PET may add complementary information
to MRI in the management of patients with brain metastases. Brain
malignancies accumulate AAs through overexpression of AA trans-
porter systems, which is a result of alterations in tumor vasculature
and proliferation.13 Amino acid PET tracers do not accumulate as
much in normal brain parenchyma as the most commonly used
PET tracer, the glucose analog 18F-FDG. This results in improved
tumor-to-normal brain contrast for AA tracers over 18F-FDG. The
transport of AAs across the BBB is facilitated by specific AA trans-
porters, which allows for uptake in neoplastic tissue evenwith an in-
tact BBB for common AA tracers, in contrast to MRI.14

AminoacidPET tracers (i.e., 11C-methyl-L-methionine [11C-MET],
O-[2-18F-Fluoroethyl]-L-tyrosine [18F-FET], and L-3,4-dihydroxy-
6-18F-fluorophenylalanine [18F-FDOPA]) are recommended by inter-
national guidelines to complement MRI in the clinical management of
patientswith gliomas.13,15,16 For patientswith brainmetastases, theRe-
sponse Assessment in Neuro-Oncology (RANO) working group has
concluded that ce-MRI is the imaging modality of choice for detecting
brain metastases due to the high spatial resolution.11 However, the
RANO group has also stated that AA PET is useful for differentiating
brain metastasis recurrence from radiation-induced changes, but
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that the literature is still limited.11 18F-FET has shown to differentiate
recurrence of brainmetastases from radiation necrosiswith high accuracy,
especially when supplemented with dynamic PETacquisitions.17–19

The artificial AA anti-1-amino-3-18F-fluorocyclobutane-1-
carboxylic acid (18F-FACBC),20 also known as fluciclovine (18F)
or Axumin (Blue Earth Diagnostics Ltd, United Kingdom), was ini-
tially developed for the assessment of brain tumors but is most com-
monly used for prostate cancer.21 Recent studies have demonstrated
increased 18F-FACBC uptake in gliomas compared with normal
brain parenchyma, especially for high-grade gliomas.22–28 Several
glioma studies have reported 18F-FACBC uptake in areas without
contrast enhancement, in addition to generally larger tumor vol-
umes with 18F-FACBC than ce-MRI.22,24,27,29 In addition, in stud-
ies exploring glioma, 18F-FACBC provides greater visual contrast
than 11C-MET due to lower uptake in healthy brain tissue.25,26,29

This high contrast has likely also allowed for the detection of small
satellite gliomas not visualized with MRI.23

18F-FACBCPET has only been evaluated in a limited number
of patients with brain metastases.30,31 The results are promising with
relatively high tumor-to-background ratios (TBRs) compared with
18F-FETand 11C-MET. This may increase the possibility to detect small
brain metastases. 18F-FACBC PET has also shown potential to differen-
tiate recurrence from radiation necrosis.30 The potential of 18F-FACBC
in themanagement of brainmetastases should therefore be further ex-
plored. The aims of this study were to assess the diagnostic value of
static and dynamic 18F-FACBC PET in patients with brain metastases
and to compare tumor volumes between 18F-FACBC PETand ce-MRI.
PATIENTS AND METHODS

Subjects
Between January 2020 and July 2021, 18 patients (7 female)

were recruited to a multicenter study at St. Olavs Hospital, Trondheim
University Hospital, and the University Hospital of Northern Norway
for simultaneous brain 18F-FACBC PET/MRI examinations. Patients
were eligible for inclusion if they had a known or confirmed cancer
and MRI findings consistent with a new metastatic brain lesion
and/or suspected recurrence if previously treated with surgery or
SRS in this location.

The average age of the subjects was 64.5 years (range, 51–
77 years), and their primary cancers were lung (n = 9), gastrointes-
tinal (GI) (n = 5), malignant melanoma (n = 2), breast (n = 1), and
thyroid (n = 1) (Tables 1 and 2). The patients had a median graded
prognostic assessment of 1.5 (range, 0–3).32 Four patients (4 le-
sions) had prior intracerebral resection, and 4 patients (6 lesions)
had prior SRS in the same location as the lesion of interest. One pa-
tient received chemotherapy (FOLFOX + SOX), and 1 patient had
immunotherapy treatment (nivolumab, Opdivo; Bristol-Myers Squibb)
during the last month before the PET/MRI examination. Thirteen
patients had ongoing glucocorticosteroid treatment at the time of
the examination. The study was approved by the Regional Ethics
Committee (REC, reference number: 2018/2243). All patients gave
written informed consent to participate in the study.

PET/MRI
The patients underwent a simultaneous brain PET/MRI exami-

nation (Siemens Biograph mMR; Erlangen, Germany) after at least
4 hours of fasting. 18F-FACBC (3.0 ± 0.2 MBq/kg; average activity,
234 ± 50MBq) wasmanually injected at t = 0 of the PETacquisition
(list mode; 0–35 minutes post injection). Two patients (ID 10 and 11)
had a shorter acquisition (30 minutes) due to delays and expiration of
the tracer. MRI sequences acquired were ultrashort echo time (UTE)
for PETattenuation correction, 3D fluid-attenuated inversion recovery,
and contrast-enhanced 3D T1 magnetization-prepared rapid gradient
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
echo. One patient (ID 12) was examined on a PET/CT system (Siemens
Biograph Vision 600) due to technical problems with the PET/MRI
system (only static acquisition 20–35 minutes post injection). This
patient had a separate MRI examination later the same day.

PET Reconstruction
Static and dynamic PET image reconstructions were performed

using iterative OSEM reconstruction (PET/MRI reconstruction: 3 iter-
ations, 21 subsets, 344 image matrix, 4 mm Gaussian filter; PET/CT
reconstruction: 8 iterations, 5 subsets, 440 image matrix, 4 mm
Gaussian filter, TOF), point spread function modeling, and relative
scatter correction. MR-based attenuation correction was performed
with a deep learning–based method (DeepUTE) using the UTEMR
sequence as input for making MR-based attenuation correction
maps.33 Static PET reconstructions were generated from the last
15 minutes of the list mode data, whereas the dynamic reconstruc-
tions were performed with frames of 12� 5 seconds, 6� 10 seconds,
6� 30 seconds, 5� 60 seconds, and 5� 300 seconds, based on rec-
ommendations for dynamic 18F-FET PET imaging of gliomas.16

Image Evaluation
The PETand MR images were jointly investigated by an experi-

enced nuclear medicine physician (years of experience: H.J., 5 years/T.V.
B., 20 years) and an experienced neuroradiologist (years of experience:
E.M.B., 7 years/J.A.T., 8 years). As both recurrence and radiation necro-
sis show contrast enhancement, the MRI interpretation differed depend-
ing on whether the lesions were treated with SRS before PET/MRI or
not, and the lesions were divided in 2 groups. Lesions without previous
SRS in the same location (no-SRS group) were categorized as
“MRI positive” if they showed contrast enhancement and were
not present on previous MRIs or if no previous MRIs were avail-
able, thus radiologically evident a metastasis. Contrast-enhancing
lesions in operation cavities were also defined as “MRI positive.”
Lesionswith previous SRS in the same location (SRS group) were cat-
egorized as “MRI positive” if showing contrast enhancement and pro-
gressive enlargement according to the RANO criteria for brain metas-
tasis34 (>20% enlargement in longest diameter) compared with previ-
ous MRI scans. On the contrary, if the lesions had been stable or
decreased in size compared with previous MRI scans and thus indica-
tive of radiation necrosis, they were categorized as “MRI negative.”A
follow-up status of the lesions in the SRS groupwas assessed based on
follow-upMRIs after the PET/MRI, to serve as a surrogate marker for
separating true recurrence from radiation necrosis in the lack of histo-
pathological verification. PET findings with 18F-FACBC uptake dis-
tinctly higher than surrounding tissuewere defined as detected on PET.

Image Analysis
Image analysis was performedwith the software PMOD (ver-

sion 4.203; PMODTechnologies LLC, Zürich, Switzerland). Avol-
ume of interest (VOI) was drawn on the static PET images to en-
compass the lesion of interest to extract the SUVmax of the lesion.
For lesions not detected on PET, SUVmax was measured in the volume
defined on ce-MRI. To measure reference tissue, a crescent-shaped
VOI was placed in normal brain parenchyma (in the contralateral
hemisphere if only 1 lesion and in an area not affected by the dis-
ease if lesions in both hemispheres) as described by Unterrainer
et al35 (Fig. 1). The SUVmean in the normal brain VOI was mea-
sured. TBR was defined for all brain lesions of interest in the static
PET images as SUVmax divided by SUVmean. SUVmax and TBRwere
compared between lesions of different tumor origins.

PET and MRI tumor volumes, VPET and VMRI, were defined
subsequent to rigid registration of the static PET image to the T1MR
image to ensure best possible alignment and equal voxel dimensions.
No guidelines exist for tumor delineation with 18F-FACBC PET. A
www.nuclearmed.com 1031
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TABLE 1. Patient Information and Results From Evaluations of Brain Lesions Not TreatedWith Stereotactic Radiosurgery (No-SRS
Group) Before PET/MRI

Patient ID Age
Primary
Cancer GPA

Lesion
Number

MRI
Positive*

PET
Detected†

Dmax MR,
(mm) VMRI, (mL) VPET, (mL) DSC SUVmax SUVmean TBR

TAC
Slope

1‡ 54 Breast 2.5 1 Yes Yes 19 1.68 1.7 0.76 3.2 0.3 12.3 III
2 61 Esophagus (GI) 0 1§ Yes Yes 55 5.00 9.3 0.55 3.9 0.4 9.0 III

2 Yes No 5 0.03 — — 1.0 0.4 2.2 —
3 Yes No 5 0.02 — — 1.2 0.4 2.7 —
4 Yes No 5 0.02 — — 0.5 0.4 1.2 —
5 Yes No 4 0.02 — — 0.7 0.4 1.6 —

3‡|| 63 Coli (GI) 1 1 Yes Yes 22 2.60 2.1 0.77 7.3 0.6 12.8 III
4 66 Lung 1.5 1 Yes Yes 10 0.32 1.0 0.50 1.8 0.3 5.4 —
5‡ 66 Lung 0 1 Yes Yes 18 1.53 2.2 0.69 3.5 0.4 8.6 III

2 Yes Yes 9 0.14 0.6 0.35 1.9 0.4 4.7 —
3 Yes No 4 0.01 — — 0.5 0.4 1.3 —
4 Yes No 5 0.01 — — 0.5 0.4 1.2 —

6‡ 74 Melanoma 3 1 Yes Yes 30 5.38 3.7 0.77 7.4 0.3 21.9 III
2 Yes Yes 17 0.91 0.9 0.63 3.6 0.3 10.8 III

8¶ 73 Melanoma 3 1§ Yes Yes 13 0.36 0.5 0.58 6.9 0.3 19.8 II
2 Yes Yes 7 0.10 0.5 0.30 1.7 0.3 4.7 —
3 Yes No 3 0.01 — — 0.4 0.3 1.0 —

9‡ 51 Coli (GI) 0 1 Yes Yes 24 4.18 6.6 0.76 2.3 0.4 5.8 II
12‡ 56 Esophagus (GI) 0 1 Yes Yes 49 27.02 29.6 0.90 5.2 0.4 13.2 —
13‡ 69 Thyroid NA 1 Yes Yes 8 0.14 0.9 0.24 1.2 0.3 3.9 —

2 Yes No 6 0.04 — — 0.4 0.3 1.3 —
3 Yes No 5 0.02 — — 0.3 0.3 1.1 —
4 Yes No 8 0.09 — — 0.7 0.3 2.2 —

14‡ 58 Lung 3 1 Yes Yes 26 4.47 3.6 0.86 8.4 0.3 25.9 III
15‡ 67 Rectal (GI) 0 1 Yes Yes 33 7.83 10.7 0.83 3.8 0.4 10.6 II
16 74 Lung# 1.5 1 Yes Yes 51 25.60 30.9 0.88 4.3 0.3 16.4 II
17‡ 63 Lung# 0.5 1 Yes Yes 38 12.85 10.8 0.76 6.5 0.3 21.7 III

2 Yes Yes 47 18.85 18.8 0.89 3.2 0.3 10.7 II
18‡ 63 Lung# 3 1 Yes Yes 38 11.30 11.7 0.78 2.8 0.3 9.2 II

*“Yes” if new contrast-enhancing lesion.
†“Yes” if visually detected on PET, “no” otherwise.
‡Ongoing steroid treatment.
§Prior resection at same location.
||Chemotherapy last month.
¶Immunotherapy last month.
#Most likely lung cancer.
Dmax MR, maximum lesion diameter on ce-MRI; VMRI, tumor volume defined on ce-MRI; VPET, tumor volume defined on 18F-FACBC PET; NA, not available, GPA not de-

fined for thyroid cancer.
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threshold-based method of 41% of SUVmax was found to visually
perform best for all lesion sizes and was applied in this study. Manual
modifications were made to include necrotic areas inside tumors and
to exclude nontumor tissue, such as veins. Contrast-enhanced MRI
volumes were manually delineated in accordance with an experi-
enced neuroradiologist, and necrotic areas inside tumors were in-
cluded. The maximum diameter of the lesions (in any direction) on
ce-MRI (Dmax MR) was automatically calculated in PMOD. The spa-
tial similarity of PET and MRI tumor volumes was evaluated using
the Dice similarity coefficient (DSC).36

DSC ¼ 2 VMRI∩VPETð Þ
VMRI þ VPET
1032 www.nuclearmed.com
TheVOIs drawn on static PETwere transferred to the dynamic
PET images to generate time-activity curves (TACs) for SUVmax
and SUVmean. The SUVmax curve was assigned to one of the fol-
lowing slope characteristics, as defined by Galldiks et al17: (I)
constantly increasing uptake without identifiable peak, (II) up-
take peaking early (<20 minutes) followed by a plateau, and
(III) uptake peaking early (<20 minutes) followed by a constant
decrease. Only PET detected lesions with Dmax MR >10 mm were
included in the dynamic analyses, due to generally poor activity
recovery for small lesions.37

Statistics
Statistical analyses were performedwithMATLAB (R2021a,

The MathWorks). The Wilcoxon rank sum test was used to test
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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TABLE 2. Patient Information and Results From Evaluations of Brain Lesions TreatedWith Stereotactic Radiosurgery (SRS Group)
Before PET/MRI

Patient
ID Age

Primary
Cancer GPA

Lesion
Number

Time
Since
SRS

MRI
Positive*

PET
Detected†

Follow-up
Status‡
(TPAfter
PET/MRI)

Dmax MR
(mm)

VMRI
(mL)

VPET
(mL) DSC SUVmax SUVmean TBR

TAC
Slope

7 60 Lung 1.5 1§|| 1 y No Yes Lesion stable, but
7 new brain
lesions (10 mo)

36 3.2 4.4 0.57 4.1 0.4 10.6 II

9¶ 51 Coli (GI) 0 2§|| Yes Yes Deceased (5 mo) 20 1.6 2.2 0.59 3.0 0.4 7.6 III
3§ 6 mo Yes Yes 15 0.8 2.4 0.52 1.4 0.4 3.6 II
4§ Yes Yes 31 6.5 10.1 0.76 2.5 0.4 6.5 II

10¶ 66 Lung 2 1§ 2.5 y Yes Yes Deceased (5 mo) 34 5.9 6.5 0.80 4.2 0.3 12.6 II
11¶ 77 Lung 1 1§ 1 y No Yes Lesion stable

(7 mo)
23 1.7 3.0 0.58 3.8 0.4 9.3 II

*“Yes” if lesion showed contrast enhancement and progressive enlargement compared with previousMRIs, “no” if lesion was stable or decreased in size compared with previousMRIs.
†“Yes” if visually detected on PET.
‡Based on follow-up MRI.
§Prior SRS at same location.
||Prior resection at same location.
¶Ongoing steroid treatment.
GPA, graded prognostic assessment; TP, time period, Dmax MR, maximum lesion diameter on ce-MRI; VMRI, tumor volume defined on ce-MRI; VPET, tumor volume defined on

18F-FACBC PET.

FIGURE 1. Background VOI in normal brain parenchyma
consisting of 6 consecutive crescent-shaped ROIs fused
together, avoiding inclusion of ventricles and veins.
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differences in PETand MRI volumes, whereas Spearman ρ, rs, was
calculated to evaluate the correlation between the volumes.

RESULTS

Static PET Versus MRI
The results in the no-SRS group are presented in Table 1.

Twenty-nine lesions were identified with MRI in the no-SRS group,
and all lesions were defined as “MRI positive.” Nineteen of 29 le-
sions were detected with 18F-FACBC PET and had in general high
18F-FACBC uptake and TBR (SUVmax: mean, 4.2 ± 2.2; range,
1.2–8.4; TBR: mean, 12.0 ± 6.5; range, 3.9–25.9). All PET detected
lesions had Dmax MR ≥7 mm. Ten of 29 lesions were undetected with
18F-FACBC PET due to low 18F-FACBC uptake and TBR (SUVmax:
mean, 0.6 ± 0.3; range, 0.3–1.2; TBR: mean, 1.6 ± 0.6; range,
1.0–2.7). PET undetected lesions were small with Dmax MR ≤8 mm.
Figure 2 shows the smallest PET detected lesion (Dmax MR = 7 mm)
and 2 lesions undetected with PET (Dmax MR = 6 mm and 5 mm).

The results in the SRS group are presented in Table 2. Six le-
sions were identified in the SRS group of which 4/6 lesions were de-
fined as “MRI positive” and suspected as metastatic tissue, whereas
2/6 lesions were defined as “MRI negative” and hence indicative of
radiation necrosis (1 example shown in Fig. 3). All 6 lesions had
18F-FACBC uptake (SUVmax: mean, 3.2 ± 1.1; range, 1.4–4.2;
TBR: mean, 8.4 ± 3.2; range, 3.6–12.6) and were detected with
PET (Dmax MR≥15 mm). The 2 patients with “MRI-positive” lesions
deceased 5months after the PET/MRI examination. The 2 lesions de-
fined as “MRI negative”were stable at the time of follow-up (10 and
7 months after PET/MRI), but 1 of the patients had 7 new brain le-
sions consistent with new metastasis.

PET parameters (SUVmax, TBR) for all lesions detected and
not detected with PETare shown in Figure 4, demonstrating that all
PET detected lesions had SUVmax ≥1.2 and TBR ≥3.6. Lesions
from all included tumor origins showed 18F-FACBC uptake, and
the distributions of the PET parameters for the different tumor ori-
gins (lung cancer [n = 11], GI cancer [n = 8], malignant melanoma
[n = 4], breast cancer [n = 1], thyroid cancer [n = 1]) are presented in
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
Figure 5. No clear differences in SUVmax or TBR between the tumor
origins were observed, but statistical tests of group differences were
not performed due to small group sizes.

The MRI and PET tumor volumes for the PET detected le-
sions correlated significantly (rs = 0.95, P < 0.001) and were not
www.nuclearmed.com 1033
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FIGURE 2. Upper row, Two “MRI-positive” lesions with Dmax MR of 6 mm and 5mm (left, ce-MRI) not detected on PET (middle,
18F-FACBC PET), shown on fused PET andMRI (right) (ID 132,3; SUV scale from 0 to 1.6). Lower row, The smallest PET detected
lesion with Dmax MR of 7 mm (ID 82; SUV scale from 0 to SUVmax).
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significantly different (P = 0.49) (MRI: mean, 6.0 ± 7.8 mL; range,
0.1–27.0 mL; PET: mean, 6.9 ± 8.6 mL; range, 0.5–30.9 mL)
(Fig. 6). The average spatial similarity of PET and MRI volumes
measured by DSC was 0.66 ± 0.18 (range, 0.24–0.90). The lesion
with lowest DSC is shown in Figure 7.

Dynamic PET
Time-activity curves for SUVmax and SUVmean are shown in

Figure 8. In the no-SRS group, 6/14 lesions had a TAC defined as
plateau (slope II) and 8/14 lesions had a decreasing curve (slope III).
In the SRS group, one lesion in a patient who deceased 5 months
after PET/MRI scanning had aTAC curve defined as slope III, whereas
the TAC curves of the other 5 lesions were defined as slope II. No
lesion had an increasing curve (slope I). Both slope II and III were
represented for lung cancer, GI cancer, and malignant melanoma,
whereas the lesion originating from breast cancer had a slope III.
FIGURE 3. “MRI-negative” finding indicative of radiation necrosis
resection and SRS (ID 7, lung cancer) (left). 18F-FACBC PET showe
PET and ce-MRI (right).

1034 www.nuclearmed.com
DISCUSSION

This study evaluated the use of 18F-FACBC PET/MRI in 18
patients with brain metastases and is to our knowledge the largest
study using 18F-FACBC in this patient group. The majority of brain
metastases demonstrated high uptake of 18F-FACBC and low
18F-FACBC uptake in normal brain tissue, resulting in generally
high TBR. However, small brain metastases (<7 mm) were only de-
tected by ce-MRI and not by 18F-FACBC PET. Consequently, our
findings demonstrated an inferior detection of brain metastases
using 18F-FACBC PET compared with ce-MRI.

The poor spatial resolution of PET imaging likely explains
why ce-MRI performed better than 18F-FACBC PET in the detec-
tion of small brain metastases. The limited spatial resolution cause
reduced lesion uptake in small lesions (approximately 10 mm and
smaller) in PET images due to partial volume effects, which limits
the detectability.38,39 Interestingly, a study byBogsrud et al23 reported
on ce-MRI due to missing progression in a location with prior
d high uptake (middle) (SUV scale from 0 to SUVmax). Fused

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 4. SUVmax and TBR for lesions detected and not detected with PET. Red markers (+) represent outliers.
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detection of small satellite tumors of 2 to 4 mm in patients with
suspected high-grade gliomas. All these tumors had high TBRs4–18

that probably enabled detection below PET spatial resolution. The
satellite tumors were undetectable onMRI, although this may be ex-
plained by the 5 to 14 days delay between MRI and PET/CTexam-
inations. It can be noted that the PET/CT system (Biograph mCT)
used in the study by Bogsrud et al23 has shown a slightly improved
detectability over the PET/MRI system (Biograph mMR) used in
the current study, which may have further impacted the results.37
FIGURE 5. SUVmax and TBR for PET detected lesions of the differe

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
Brain metastases below 10 mm that were detected with
18F-FACBC PET in our study had TBR approximately 4 to 5,
whereas PET undetected metastases had TBR up to 2.7. Hence, for
18F-FACBC PET detection of lesions with diameters below 10 mm,
a TBR of approximately 4 may be required. The generally high
TBR in the study by Bogsrud et al23 (median, 21.6) may be due
to the inclusion of high-grade gliomas, as TBR tends to increase
with glioma tumor grade.22,28 In studies using 11C-MET and 18F-FET
in both gliomas and brain metastases, the average TBR was slightly
nt patient groups. Red markers (+) represent outliers.

www.nuclearmed.com 1035
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FIGURE 6. Volume of PET detected lesions defined in ce-MRI (VMRI) versus
18F-FACBC PET (VPET). Significant correlation (rs = 0.

95, P < 0.001) between VMRI and VPET.
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lower for brain metastases than for gliomas40,41; however, it is un-
certain whether this difference is significant and whether it is
unique for specific PET tracers. If brain metastases generally have
lower AA uptake than gliomas, this may contribute to a reduced de-
tectability for brain metastases.

Our findings suggest that 18F-FACBC can produce signifi-
cantly higher TBR for brain metastases (11.1 ± 6.0) than has been
reported for 11C-METand 18F-FET.17–19,40,42–46 This potentially al-
lows for detection of smaller brainmetastases with 18F-FACBC than
for other AA PET tracers. However, brain metastases as small as
6 mm have been reported 18F-FET positive in a study by Unterrainer
et al.44 They used a quantitative definition of 18F-FET–positive me-
tastases (TBR ≥ 1.6), whereas a visual definition was used in the
current study as no such guideline exists for 18F-FACBC. A visual
definition is subjective, and a faint uptake could in some cases be
observed, although not distinctly higher than surrounding tissue.

Although not all lesions were detectedwith PET, brain metas-
tases from all the included primary cancers showed 18F-FACBC up-
take. No remarkable differences in 18F-FACBCuptakewere observed
between the metastases of different tumor origins, but the groups
were too small for statistical testing. The results are consistent with
the 18F-FET study by Unterrainer et al44 where brain metastases
FIGURE 7. Fused PET/MRI scans of the lesion with the lowest spa
and ce-MRI (cerise). The DSC for the volumes was 0.24 (SUV scal
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originating from lung, breast, and melanoma did not show signifi-
cantly different uptake. Larger groups are required to verify that
brain metastases originating from different primary cancer show
similar AA uptake.

In concordance with previous studies, 18F-FACBC stands out
among AA PET tracers by exhibiting uniquely low uptake in
healthy brain tissue.22,24,26–28,31,47 This difference is likely due to
slight differences in the transport mechanisms bywhich the AA tracers
cross the BBB. For accumulation in cancer cells, the primary mode
of transport for 11C-METand 18F-FET is the system LAA transport
(LAT1) system.20,48–51 Although 18F-FACBC also uses LAT1, it has
higher affinity to ASCT2 (alanine-serine-cysteine transporter 2).51–53

A lack of and presence of ASCT2 expression on the luminal and
abluminal side of BBB endothelial cells, respectively, may contribute
to low 18F-FACBC uptake by resulting in a low luminal uptake of
18F-FACBC from blood and an increased abluminal 18F-FACBC
uptake from normal brain tissue. The low background uptake
of 18F-FACBC clearly allows for high tumor contrast.

MRI evaluations of brain tumors following radiation treat-
ment present a clinical challenge, as MRI may not be able to distin-
guishmalignant tissue from radiation necrosis as both show contrast
enhancement.54 Amino acid PET can potentially play an important
tial similarity between volumes defined on 18F-FACBC (blue)
e from 0 to SUVmax).

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

www.nuclearmed.com


FIGURE 8. Time-activity curves for lesions (SUVmax) detected on PET with Dmax MR >10 mm and normal brain tissue (SUVmean).
The slope characterization is denoted in each plot as Roman numerals and the patient ID with the lesion number as subscript.
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role in this situation by providing metabolic information to better
detect malignancies whenMRI findings are equivocal. All 6 lesions
in the SRS group had 18F-FACBC uptake, but 2 lesions were
suspected as radiation necrosis with MRI due to no progressive en-
largement compared with MRI scans before PET/MRI. Follow-up
MRI also showed that the 2 lesions remained stable, but one of
the patients had 7 new brain lesions. Using follow-up MRI as refer-
ence might, however, be insufficient in patients treated with SRS as
radiation necrosis may occur up to several years after radiation ther-
apy andmay also increase in size.55,56 This exemplifies the diagnos-
tic challenge in these patients, which is even more difficult as it is
shown that radiation necrosis and viable metastatic tissue can coex-
ist.55 Thus, without histopathological verification and with the
small cohort in the SRS group, our study yields inconclusive results
regarding the value of 18F-FACBC PET for differentiation between
brain metastasis recurrence and radiation necrosis.

Recently, Parent et al30 showed a significant difference in
SUVmax of

18F-FACBC PET between local brain metastasis recur-
rence and radiation necrosis in patients that had undergone SRS,
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
verified by histopathology or follow-up MRI. They concluded that
an SUVmax ≥1.3 differentiated recurrence from radiation necrosis,
which points to recurrence for all the lesions in our SRS group.
However, their study was limited by few samples (11 recurrent me-
tastases and 4 radiation necrotic lesions). Furthermore, Parent et al
did not report a significant difference in TBR between local recur-
rence and radiation necrosis, which was attributed to a variable
tracer uptake in normal brain tissue. SUVmax in a 15-mm spherical
background ROI was used as a reference, although SUVmean in a
crescent-shaped VOI could possibly have reduced the variability.35

The patients in the no-SRS group in the current study will be
followed after SRS treatment to further evaluate the accuracy of
18F-FACBC in distinguishing viable tumor tissue from radiation necro-
sis. One can hypothesize that 18F-FACBC PET could have a more im-
portant role in a follow-up setting than in the primary evaluation of
brain metastases, but more studies using histopathology as reference
should be performed to fully explore the tracer for this purpose.

Dynamic 18F-FET PET has shown high diagnostic accuracy in
differentiating brain metastasis recurrence from radiation necrosis
www.nuclearmed.com 1037
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when combined with TBR.17–19 Radiation necrosis has been associ-
ated with slowly increasing TAC curves, whereas recurrence show
early peaks followed by a plateau or decreasing slope. 18F-FACBC
uptake in radiation necrosis has to our knowledge only been mea-
sured in the study by Parent et al,30 showing a slight increase through-
out the acquisition, although with a limited number of time points
(5, 10, 30, 55minutes). In the current study, all lesions showed early
peaks followed by either a plateau or decreasing slope, also the le-
sions suspected as radiation necrosis with MRI. It is still unclear
whether dynamic 18F-FACBC PET analyses can be useful for dis-
tinguishing recurrent brain metastases from radiation necrosis.

The lack of guidelines for 18F-FACBC PET volumetric anal-
ysis of brain tumors has resulted in inconsistent methods throughout
the literature. This study used 41% of SUVmax to delineate tumor
boundaries as this visually delineated the 18F-FACBC uptake best
for all lesion sizes. Previous 18F-FACBC studies on brain metasta-
ses and gliomas have used 50% of SUVmax, thresholds based on up-
take in reference tissue, and manual delineation.22,25,31,47 In our
study, no significant difference in tumor volume for 18F-FACBC
PET and ce-MRI was found; however, the spatial distribution was
only partially similar. This spatial incongruence may indicate that
18F-FACBC can detect tumor tissue beyond contrast enhancement
on MRI, although the result may be affected by the delineation
method. Similarly, Gempt et al42 found that 18F-FET PET and MRI
volumes of brain metastases were not congruent, and that treat-
ment planning based on only one of the modalities might cause
undertreatment. It should, however, be noted that the mean time be-
tween MRI and PET examinations were 8 days (range, 3–33 days)
in that study, which probably impacted the results. To generate guide-
lines for volumetric 18F-FACBC PET analysis of brain tumors, fur-
ther research comparing 18F-FACBCPETwith data fromMRI, tumor
resection, and/or image-localized biopsy needs to be conducted.

A strength of this study is the larger sample size of this pa-
tient group compared with earlier studies; however, the sample size
is still limited, especially for evaluation of radiation necrosis in the
SRS group. Differentiation of recurrence from radiation necrosis
on MRI in the SRS group was based on increase in lesion size ac-
cording to the RANO criteria.34 However, this criterion can be dis-
cussed, and it has been shown in a study of more than 500 brain me-
tastases that increase in lesion size after SRSwas associated with lon-
ger survival compared with lesions exhibiting stable or decreased
lesion size.56 This indicates that lesion enlargement may represent re-
active immune response instead of tumor regrowth, showing that in-
crease in size is not necessarily a good indicator for recurrence. Thus,
other features such as enlargement across anatomical boundaries,
type of contrast enhancement, conspicuity of tumor margins, and
complex evolution such as simultaneous regression and enlargement
have been suggested indicative of radiation necrosis rather than tumor
progression,57,58 but this has not been considered in this study. Bi-
opsy is the criterion standard for distinguishing tumor recurrence
from radiation necrosis but was not included in this study because
it is invasive and may cause complications. Another limitation is that
one patient received immunotherapy the last month before PET/MRI.
This can cause an increase in the size and number of metastases in the
initial phase of the treatment related to the mechanisms of action of
immunotherapy, which are later stabilized or regressed.59 Further-
more, the study is limited by the patient heterogeneity, with regard
to newly diagnosed and recurrent metastases as well as differences
in tumor origins. The lack of standardization for volume delineation
for 18F-FACBC limits the validity of the volumetric results.
CONCLUSIONS
18F-FACBC showed uptake in brain metastases originating

from lung, GI, breast, and thyroid cancer, as well as malignant mel-
1038 www.nuclearmed.com
anoma. The tracer is unique among AA PET tracers with a charac-
teristic low uptake in healthy brain tissue resulting in a high tumor
contrast. However, in small lesions, the 18F-FACBC PET uptake
was not sufficient for detection, and PET was inferior to MRI.
18F-FACBC PET should be further evaluated in a follow-up setting
for its opportunities to differentiate between tumor recurrence and
radiation necrosis. Whether 18F-FACBC PET can detect metastatic
tumor tissue beyond ce-MRI should also be further explored.
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