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Purpose: To assess the clinical safety, pharmacokinetics, and tumor 
imaging characteristics of fluorine 18–(2S,4R)-4-fluoro-
glutamine (FGln), a glutamine analog radiologic imaging 
agent.

Materials and 
Methods:

This study was approved by the institutional review board 
and conducted under a U.S. Food and Drug Administra-
tion–approved Investigational New Drug application in 
accordance with the Helsinki Declaration and the Health 
Insurance Portability and Accountability Act. All patients 
provided written informed consent. Between January 
2013 and October 2016, 25 adult patients with cancer 
received an intravenous bolus of FGln tracer (mean, 244 
MBq 6 118, ,100 mg) followed by positron emission to-
mography (PET) and blood radioassays. Patient data were 
summarized with descriptive statistics. FGln biodistribu-
tion and plasma amino acid levels in nonfasting patients (n 
= 13) were compared with those from patients who fasted 
at least 8 hours before injection (n = 12) by using non-
parametric one-way analysis of variance with Bonferroni 
correction. Tumor FGln avidity versus fluorodeoxyglucose 
(FDG) avidity in patients with paired PET scans (n = 15) 
was evaluated with the Fisher exact test. P , .05 was con-
sidered indicative of a statistically significant difference.

Results: FGln PET depicted tumors of different cancer types 
(breast, pancreas, renal, neuroendocrine, lung, colon, 
lymphoma, bile duct, or glioma) in 17 of the 25 patients, 
predominantly clinically aggressive tumors with genetic 
mutations implicated in abnormal glutamine metabolism. 
Acute fasting had no significant effect on FGln biodistribu-
tion and plasma amino acid levels. FGln-avid tumors were 
uniformly FDG-avid but not vice versa (P = .07). Patients 
experienced no adverse effects.

Conclusion: Preliminary human FGln PET trial results provide clinical 
validation of abnormal glutamine metabolism as a poten-
tial tumor biomarker for targeted radiotracer imaging in 
several different cancer types.
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as a sterile solution for intravenous 
injection. The mean decay-corrected 
radiochemical yield (6standard devia-
tion) was 8% 6 3 (range, 1.6%–40%). 
Specific activity was at least 4.7 GBq/
µmol during initial validation studies. 
The mass amount injected was 100 µg 
or less.

Patient Preparation
Twelve of the 25 patients fasted, except 
for oral water intake, at least 8 hours 
before tracer injection until completion 
of imaging. The remaining 13 patients 
did not fast. Two catheters (one for 
tracer administration, one for blood 
sampling) were used to access separate 
upper extremity veins. Patients voided 
their bladder immediately before injec-
tion. Patients were monitored for signs 
and symptoms 4 hours after injection, 
contacted approximately 24 hours after 
injection, and were told to contact in-
vestigators if signs or symptoms arose 
during the 30 days after injection.

FGln PET/CT
PET/CT scans were obtained with a 
single Discovery 690 PET/CT scan-
ner (GE Healthcare, Chicago, Ill) with 

registered at www.clinicaltrials.gov 
(registration number NCT01697930).
The study was conducted in accor-
dance with the Helsinki Declaration 
and the Health Insurance Portability 
and Accountability Act. Patients pro-
vided written informed consent before 
participating in the study. Inclusion 
criteria included the following: age of 
21–90 years, serum renal and hepatic 
function test values lower than 1.5–2.5-
fold greater than the laboratory-specific 
upper limit of normal, histologically 
confirmed cancer, and tumors visual-
ized with standard imaging (computed 
tomography [CT], magnetic resonance 
[MR] imaging, and/or 18F fluorode-
oxyglucose [FDG] PET/CT) performed 
less than 4 weeks before consent. Se-
rum complete blood count and hepa-
torenal function tests were performed 
less than 2 weeks before study partic-
ipation. Patients were excluded if they 
were pregnant, were breastfeeding, or 
had an acute major illness. Analyzed 
data included previously reported data 
from six patients with glioma (patients 
18–23, Table 1) regarding dosime-
try, tumor FGln avidity, and histologic 
characteristics (World Health Organi-
zation grade, genetic alterations) (11). 
From the same six patients, we present 
data not previously reported regarding 
plasma protein tracer incorporation, 
fasting effects on tracer biodistribution, 
and comparison of bone tracer uptake 
at FGln PET with bone tracer uptake in 
a sodium fluoride (NaF) PET reference 
group.

Radiopharmaceutical Preparation
FGln precursor was synthesized as pre-
viously described (10–12) and manu-
factured at Memorial Sloan-Kettering 
Cancer Center’s core facility pursuant 
to an Investigational New Drug appli-
cation. FGln purity was analyzed with a 
chiral column (Chirex 3126 d-penicilla-
mine, 1 mmol/L CuSO4 solution, 1 mL/
min). Before release, each FGln dose 
met drug product acceptance specifi-
cations, including radiochemical purity 
and identity, residual solvent content, 
endotoxin content, radionuclidic iden-
tity, pH, and appearance (Fig E1 [on-
line]). The final product was formulated 
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Implication for Patient Care

 n

18F-(2S,4R)-4-fluoroglutamine 
PET offers an investigational al-
ternative clinical PET assay of 
tumor metabolism without a re-
quirement for patient fasting, 
unlike FDG PET.

The vital importance of glutamine 
to cancer biology is well creden-
tialed with extensive preclinical 

research (1–9). Noninvasive assays of  
tumor glutamine utilization have im-
portant potential applications in clin-
ical radiology for in vivo tumor detec-
tion, for tumor metabolic phenotyping, 
and as target biomarker assays to 
support the clinical development of 
novel pharmacotherapeutics targeting 
tumor glutamine metabolism (10,11). 
Fluorine 18 (18F) (2S,4R)-4-fluoro-
glutamine (FGln) is an investigational 
noninvasive positron emission tomog-
raphy (PET) biomarker assay of in vivo 
tumor glutamine flux and metabolism 
(11). This clinical trial was conducted 
to assess the clinical safety, pharmaco-
kinetics, and tumor imaging character-
istics of a glutamine analog radiologic 
imaging agent.

Materials and Methods

Research was supported by a David 
Mahoney Neuroimaging Program grant 
of the Dana Foundation; a Stand Up 
to Cancer Dream Team translational 
research grant (grant SU2C-AACR-
DT0509); and the National Institutes 
of Health–National Cancer Institute 
(grants P30 CA008748, P50 CA086438, 
R01 CA164490, R21 CA167803, and 
R01 CA172546). The authors had con-
trol of the data and information submit-
ted for publication.

Study Design
This open-label, nonrandomized, mi-
crodose phase I trial of FGln was ap-
proved by Memorial Sloan-Kettering 
Cancer Center’s institutional review 
board, conducted from January 2013 to 
October 2016 under a U.S. Food and 
Drug Administration–approved Inves-
tigational New Drug application, and 
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Table 1

Summary of Patient and Tumor Characteristics

Patient No./Age  
(y)/Sex Cancer Tumor DNA Mutations*

Tumor Avidity  
for FGln† Peak SUV

Tumor-to–Blood  
Pool Ratio‡

Plasma 
Glutamine  
Level 
(µmol/L)§ Fasting Treatment||

Tumor  
Avidity 
for FDG

1/71/M Paraganglioma SDHB #(germline mutation); TERT Yes (trapping) 2.7 1.9 425 No NA Yes
2/23/M Renal SDHB # (germline); BCOR Yes (declining) 4.3 4.4 583 Yes Temsirolimus (1) Yes
3/21/F Renal FH # (germline); IHC: FH-negative# No 1.6 1.1 714 No Cabozantinib (1) Yes
4/39/F Breast (metaplastic) TP53,# KDM5A, ETV6,# CDKN1B,# 

CDKN2A,# NF1,# NOTCH1#. IHC:  
ER-negative, PR-negative, HER2-
negative#

Yes (declining) 3.0 1.6 532 No NA Yes

5/41/F Breast (ductal) ARID1A, CDH1,# DOT1 L, ERG,  
FOXA1,# RHOA#

NA** NA NA 718 Yes NA NA

6/61/F Breast (lobular) ESR1. IHC: HER2-negative,#  
ER-positive, PR-positive

No 2.6†† 1.8 439 Yes Tamoxifen (1) Yes

7/54/F Breast (ductal) ESR1, GATA3,# MLL3, RAD51B. IHC: 
HER2-negative,# ER-positive, PR-
positive

No 1.5 0.9 572 Yes NA Yes

8/59/F Breast (ductal) IHC: ER-positive, PR-positive. FISH: 
ERRB2# amplification (5.7)‡‡

Yes (trapping) 3.0 1.4 928 Yes Lapatinib (1) Yes

9/54/M Colon PIK3CA,# TP53,# APC,# FBXW7 Yes (declining) 3.7 3.3 579 No Cetuximab (23) Yes
10/71/F Lung Sequenom: KRAS # Yes (declining) 2.1 1.2 733 No NA Yes
11/49/F Lymphoma IHC: P53-positive#; C-MYC-positive# Yes (declining) 3.3 2.5 761 No NA Yes
12/65/M Pancreas NA No 1.0 0.8 864 No FOLFIRINOX (1) NA
13/59/F Pancreas NA Yes (declining) 3.6 1.6 616 No FOLFOX (1) NA
14/61/F Pancreas FoundationOne: KRAS,#  

CDKN2A/B,# TP53,# MAK2 K4
Yes (declining) 2.1 1.9 ... Yes gem, pac (1) NA

15/38/M Pancreas NA Yes (declining) 2.4 1.9 691 No NA NA
16/75/M Neuroendocrine SDHA,# TERT, PIK3C2G,# KRAS,# 

H3F3C, CCNE1
Yes (declining) 2.8 1.8 387 No NA NA

patients supine. After spiral CT, 30-mi-
nute dynamic acquisition PET imaging 
of a single scanner bed position tumor 
region of interest began immediately 
before injection. Single peripheral in-
travenous injection of a mean of 244 
MBq 6 118 FGln (,100 µg) quantum 
satis 5–10 mL in sterile water was ad-
ministered in less than 30 seconds. 
PET imaging from skull to thighs fol-
lowed, with delayed scans a mean of 
90 minutes 6 30 and 150 minutes 6 
30 after injection. Additional details 
are given in Appendix E1 (online).

PET/CT data were analyzed with 
dedicated software (Hermes Gold4.4-
B [Hermes Medical Solutions, Stock-
holm, Sweden] and AW Suite on 
Centricity PACS [GE Healthcare Inte-
grated IT Solutions, Barrington, Ill]) by 
an experienced physician (M.P.S.D., 

with 15 years of experience).  
Tumor uptake measured in a three-
dimensional volume of interest was 
quantified by means of the peak stan-
dardized uptake value (SUV) (13) and 
the tumor–blood pool activity ratio. 
The peak SUV volume of interest is a 
1-cm3 volume of interest that includes 
maximal SUV pixel; after initial man-
ual placement, software automatically 
spatially repositions the volume of in-
terest to maximize peak SUV. Tumor 
FGln “avidity” was defined as uptake 
greater than blood pool activity at all 
time points. Nonavidity was defined as 
uptake less than or equal to blood pool 
activity more than 10 minutes after  
injection. Tracer biodistribution and 
excretion were derived from PET-
based volume of interest analyses. 
Excreta absent from the field of view 

at delayed time points were quanti-
fied as the ratio difference between 
normalized field of view total activ-
ity at a delayed time point versus 
an initial time point. Renal clear-
ance was calculated as 0.693 4 lu,  
where lu is the rate constant of the 
fitted formula describing cumulative 
urinary activity as a monoexponential 
time function. Mean normal organ ra-
diation doses (in centigrays per mega-
becquerel administered) and effective 
dose (in centisieverts per megabec-
querel administered) were calculated 
for an adult human standard anatomic 
model on the basis of Committee 
on Medical Internal Radiation Dose 
guidelines by using OLINDA/EXM v.1 
software (Vanderbilt University, Nash-
ville, Tenn). Additional details are 
given in Appendix E1 (online).

(Table 1 continues)
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Cambridge, Mass). Sequenom mass 
spectrometry was performed in two 
patients without genomic profiling, tar-
geting specific tumor genetic mutations 
either in AKT1, BRAF, EGFR, ERBB2, 
KRAS, MEK1 (MAP2 K1), NRAS, and 
PIK3CA, or IDH1 and IDH2. No tumor 
genetic data were available in 10 patients.

Statistical Analysis
Graphs were plotted and statistical 
analyses performed with use of soft-
ware (SAS Studio 3.5; SAS Institute, 
Cary, NC). Experimental data were 
summarized by using descriptive statis-
tics. Data distributions were evaluated 
with the Kolmogorov-Smirnov test and 
normal probability plots. Data from 
fasting versus nonfasting patients were 

each sample, blood aliquots were sepa-
rated for well counting and radio high-
performance liquid chromatography–
based metabolite analyses (Appendix 
E1 [online]).

Tumor DNA Sequencing
Tumor specimens were obtained for 
standard medical care. Immunohisto-
chemistry was performed according to 
standard practice and genetic testing 
according to oncologist judgment. Tu-
mor genomic profiling was obtained in 
13 patients by using a MSK-IMPACT 
(Memorial Sloan Kettering Integrated 
Mutation Profiling of Actionable Cancer 
Targets, New York, NY) genomic pro-
filing assay (n = 12) (14) or Foundation 
One assay (n = 1) (Foundation Medicine, 

Skeletal tracer uptake in patients 
receiving FGln were compared with 
skeletal uptake of exogenous free 18F in 
a separate patient group undergoing 18F 
NaF PET for routine cancer care (Ap-
pendix E1 [online]).

Plasma Radioassays
Plasma radioactivity clearance and 
plasma radiometabolite concentrations 
were assayed from serial blood samples 
collected approximately 1, 5, 15, 30, 
and 150 minutes after injection. Cath-
eters were flushed with saline between 
blood draws, with the sample discarded 
immediately before each collection. 
Samples (approximately 5 mL) were 
collected in tubes containing heparin 
kept on wet ice until radioassay. From 

Table 1 (continued)

Summary of Patient and Tumor Characteristics

Patient No./Age  
(y)/Sex Cancer Tumor DNA Mutations*

Tumor Avidity  
for FGln† Peak SUV

Tumor-to–Blood  
Pool Ratio‡

Plasma 
Glutamine  
Level 
(µmol/L)§ Fasting Treatment||

Tumor  
Avidity 
for FDG

17/71/M Cholangiocarcinoma NA Yes (trapping) 2.8 2.6 677 No NA Yes

18/57/M Glioma (high grade) IHC: R132H IDH1-negative# Yes (declining) 1.5 0.9 700 Yes NA Yes
19/52/F Glioma (high grade)‡‡ IHC: R132H IDH1-negative# Yes (declining) 1.2 0.8 401 Yes NA Yes
20/71/F Glioma (low grade) IHC: R132H IDH1-positive# No 1 0.7 649 Yes NA NA
21/37/F Glioma (low grade) Sequenom: R132H IDH1-positive.# 

IDH2-negative
No 0.4 0.3 450 Yes NA No

22/54/M Glioma (low grade) NA No 0.5 0.4 524 Yes NA No
23/41/M Glioma (high grade)§§ IDH1,# CIC, ETV112, TERT Yes (trapping) 2.3 1.9 610 Yes NA Yes
24/29/F Glioma (high grade) IDH1,# TP53,# SOX2,# SDHA,#  

ATRX, FAT1, KDM6A
Yes (trapping) 3.1 1.9 677 No NA Yes

25/34/M Glioma (high grade) TP53,# PTEN,# SOX2,# ARID5B,  
RB1,# ROS1,TERT

Yes (trapping) NA NA 515 No NA NA

Note.—NA = not applicable or data not available.

* For each patient, the column text specifically indicates when a particular tumor genetic mutation was a germline mutation; all other listed mutations were otherwise identified as somatic mutations 
(for detailed description of genetic mutations, see Table E1 [online]). Patient-specific tumor mutations were identified with DNA genotyping by using MSK IMPACT unless otherwise specified 
(FoundationOne or Sequenom; see Materials and Methods). Germline mutations are indicated in parentheses. Also listed are relevant data from immunohistochemistry or fluorescence in situ 
hybridization when available. ER = estrogen receptor, FISH = fluorescence in situ hybridization, IHC = immunohistochemistry, PR = progesterone receptor.
† Avid tumors demonstrated tracer uptake and retention greater than blood pool and background tissues at FGln PET. Tumor avidity was classified according to PET kinetic phenotype as “trapping,” 
with minimal-to-nil tracer clearance at delayed time points, or as “declining,” with tumor tracer uptake greater than that in blood pool at delayed time points but progressively declining.
‡ Tumor avidity at FGln PET was quantified by using conventional peak SUV and the ratio of tumor peak SUV to blood pool peak SUV, measured from PET images obtained approximately 1 hour after 
injection (see Materials and Methods).
§ Plasma glutamine level immediately before FGln injection. Normal nonfasting reference range is 428–747 µmol/L.
|| Any treatment less than 4 weeks before FGln PET; days between last treatment dose and the FGln PET study are shown in parentheses. FOLFOX = 5-fluorouracil, leucovorin, and oxaliplatin; 
FOLFIRINOX = 5-fluorouracil, leucovorin, oxaliplatin, and irinotecan; gem = gemcitabine; pac = Nab-paclitaxel.
# Mutated genes with known regulatory roles in tumor glutamine utilization (selected citations are provided in Table E4 [online]).

** Patient 5 had ureteral mass initially thought to be tumor but later proven infectious and inflammatory; the mass was FGln PET-negative.
†† Patient 6 had tumor with relatively high tumor-to–blood ratio at known tumor site—a gastric metastasis—but tumor was visually indistinct at FGln PET amid diffuse background uptake in gastric 
wall; thus, the measured peak SUV at the site may represent normal gastric wall uptake rather than tumor uptake.
‡‡ Indicates degree of amplication. ERRB2 (HER2) is considered amplified based on the HER2/cen17(chromosome 17) ratio (16.2/3.2 = 5.7). For HER2-positive disease, a ratio greater than 5 is 
considered high.
§§ Patient had both high-grade and low-grade gliomas. Data shown (tumor DNA mutations, SUV, etc) apply to the high-grade glioma tumors (the low-grade gliomas were FGln PET–negative).



Radiology: Volume 287: Number 2—May 2018 n radiology.rsna.org 671

NUCLEAR MEDICINE: In-Human Trial of Fluoroglutamine PET Dunphy et al

relative to mediastinal blood pool ac-
tivity on PET images and achieved 
maximum uptake less than 30 minutes 
after injection. For all tumors—both 
avid and nonavid—peak SUV values 1 
hour after injection ranged from 0.4 to 
4.3 (average, 2.3 6 1.0), with tumor–
blood pool ratios ranging from 0.8 to 
4.4 (Table 1). Several patients received 
systemic anticancer treatments during 
or recently before FGln PET (Table 1). 
Recent cytotoxic treatment reduces 
tumor FGln avidity (11). As in ani-
mal studies (10), time-activity curves 
of FGln-avid soft-tissue tumors in pa-
tients demonstrated a rise to plateau 
(n = 6) or a rise and delayed fall (n 
= 11). Osseous tumors demonstrated 
visually distinct focal uptake, greater 
than that in surrounding bone, at all 
time points. Osseous tumor SUVs pro-
gressively increased to the last PET 
time point approximately 3 hours after 
injection (Fig E2 [online]).

Seventeen of the 25 patients had 
FDG PET scans for comparison. Of 
these, 12 patients had tumors that were 
both FGln avid and FDG avid (Fig 2). 
Three patients had FDG-avid tumors 
with no detectable FGln avidity. Two 
patients had tumors that were negative 
for avidity at FDG PET and FGln PET. 
Correlation of tumor FGln avidity with 
FDG avidity approached significance 

not affect plasma glutamine concentra-
tions or FGln biodistribution (Tables E2, 
E3 [online]). Normal soft tissues pre-
dominantly demonstrated progressive 
tracer clearance. In the skeleton, tracer 
accumulated preferentially in red mar-
row regions of axial skeleton and bony 
pelvic girdle. Lesser, often scant, activity 
was visualized in the peripheral skeleton 
(Fig E2 [online]). At FGln PET, bone up-
take at 1 hour after injection (Table 2) 
was approximately half the bone uptake 
observed in control patients (n = 10) 
undergoing NaF (ie, free 18F) PET bone 
scanning, with humerus and thoracic 
spine uptake (average SUV) of 1.9 6 0.6 
and 7.2 6 1.6, respectively, at 1 hour 
(mean, 71 minutes 6 12) after injection. 
Skeletal FGln tracer uptake did not ob-
scure the detection of skeletal metasta-
ses, as described below. FGln radiation 
dosimetry was comparable to standard 
diagnostic radiopharmaceuticals (effec-
tive dose: 0.7 mSv/37 MBq [11]).

FGln PET Depicts Tumors of Several 
Cancer Types and with Genetic Mutations 
That Affect Glutamine Metabolism
FGln PET depicted tumors of several 
cancer types (Table 1) in 17 of the 25 
patients. The mean size of dominant 
soft-tissue tumors evaluated was 2.8 
cm (range, 1.1–11.5 cm). Soft-tissue 
tumor avidity became visually distinct 

compared by using nonparametric one-
way analysis of variance with posthoc 
Bonferroni correction. The Fisher exact 
test was used to compare the frequency 
of male and female patients. Early ver-
sus late plasma radiotracer concentra-
tions were compared by using the two-
sample paired sign test. P , .05 was 
considered indicative of a statistically 
significant difference. All statistical 
tests were two-sided.

Results

Patients
Twenty-five patients joined the study. 
A summary of demographic charac-
teristics is given in Table 1. No patient 
experienced adverse effects from FGln 
injection.

FGln Plasma Metabolites and Clearance
Radiotracer clearance from blood and 
plasma was biphasic, with an initial 
phase (a) of short half-life (t1/2) fol-
lowed by a prolonged terminal phase 
(b) (mean blood t1/2a

 = 4.2 minutes 6 
2.1, t1/2b

 = 147.2 minutes 6 47.7; mean 
plasma t1/2a

 = 4.6 minutes 6 2.1, t1/2b
 

= 172.1 minutes 6 149.2). The mean 
blood-plasma radiotracer activity ratio 
was 0.74 6 0.2 at 5 minutes and 0.81 6 
0.3 at 60 minutes (P = .15). The mean 
patient cumulative urinary isotope excre-
tion was 10.9% injected dose 6 3.4. No 
biliary excretion was detected. Tracer 
variably was visualized within loops of 
distal small intestines and proximal large 
intestines, likely representing tracer se-
creted into bowel lumen by means of in-
testinal amino acid transporters.

Plasma radiotracer was predom-
inantly intact parent compound with 
progressive accumulation of radiome-
tabolites across time points (Table E1 
[online]). The amount of radiotracer 
associated with plasma proteins did not 
decrease with time after injection, which 
is suggestive of polypeptide tracer incor-
poration because glutamine does not 
bind nonspecifically to plasma proteins.

FGln Biodistribution
Table 2 describes tracer biodistribution 
(Fig 1). Acute fasting before injection did 

Table 2

Tracer Biodistribution in Human Subjects 1 Hour and 2 Hours after FGln Injection

Organ SUV at 1 Hour SUV at 2 Hours

Brain 0.4 6 0.2 0.5 6 0.4
Lung 0.8 6 0.4 0.5 6 0.1
Appendicular skeleton (humerus)* 1.1 6 0.4 1.4 6 0.2
Skeletal muscle 1.1 6 0.2 1.0 6 0.3
Proximal aorta (blood pool) 1.4 6 0.3 1.2 6 2.2
Spleen 1.8 6 0.4 1.2 6 0.3
Kidney 1.6 6 0.6 1.2 6 0.5
Cardiac muscle 2.0 6 0.5 1.9 6 0.4
Liver 3.0 6 0.8 2.1 6 0.3
Axial skeleton (vertebra)* 3.2 6 1.3 4.3 6 0.5
Pancreas 2.9 6 0.6 1.5 6 0.6

Note.—Data are averages 6 standard deviations.

* Tracer uptake in humerus was considered representative of compact bone and/or osteogenic cell tracer avidity, and tracer 
uptake in the spine was considered representative of tracer uptake in bone red marrow (see Results). FGln radiation dosimetry 
is favorable (14).
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with the Fisher test (P = .07). Lack of 
background brain FGln uptake (Table 
2) afforded superior tumor-background 
contrast for FGln PET compared with 
FDG PET (11) in the detection of brain 
tumors.

Altered tumor glutamine metabo-
lism can be associated with tricarbox-
ylic acid cycle gene alterations (2–4). 
Tricarboxylic acid cycle gene mutations 
occurred in eight of the 15 patients 
with tumor genetic profiling (Tables 1, 
E4 [online]): six sequenced patients, in-
cluding three with germline mutations 
and three with somatic mutations, and 
two patients with isocitrate dehydroge-
nase mutations at immunohistochemi-
cal examination. Of these eight patients, 
five demonstrated tumor FGln avidity 
(Figs 2, 3), including four whose FGln-
avid tumors had tumor DNA mutations 
of succinate dehydrogenase (SDH) 
(Table 1). Tumor isocitrate dehydroge-
nase gene mutations were identified in 

Figure 1

Figure 1: Three-dimensional maximum intensity 
projection PET image obtained 69 minutes after in-
jection of 273 MBq FGln, spanning from midskull to 
proximal thighs, shows FGln-avid MYC-positive lym-
phoma (patient 11, Table 1), including biopsy-proven 
neck adenopathy (arrow). Typical FGln biodistribution 
is visualized (Table 2).

Figure 2

Figure 2: Images in patient with SDHB-mutant metastatic paraganglioma and pheochromocytoma (patient 
1). Images on left are FGln PET (top) and companion CT (bottom) images obtained in single axial thoracic 
plane. Images on right are FDG PET (top) and companion CT (bottom) images obtained in corresponding 
axial thoracic plane and were obtained 2 weeks after FGln PET. Hypermetabolic osteolytic spinal metastasis, 
with extraosseous component, is present (arrows). FGln PET image was obtained 36 minutes after injection 
of 148 MBq FGln; at this early time point, tracer accumulation in normal bone (eg, unaffected portion of 
vertebra, arrowheads) is scant.

four patients: two with FGln-avid high-
grade gliomas and two with FGln PET–
negative low-grade gliomas. A patient 
with a germline mutation of fumarate 
hydratase had FGln PET–negative soft-
tissue tumors; PET detection of these 
tumors was potentially limited by ongo-
ing cytotoxic cancer pharmacotherapy.

Of the five patients with breast 
cancer, one patient had FGln-avid tu-
mors lacking immunohistochemical ex-
pression of estrogen, progesterone, or 
HER2 receptors (patient 4, Table 1). 
Genomic profiling of this triple-negative 
breast cancer (TNBC) yielded genetic 
mutations and amplifications of genes 
that regulate glutamine metabolism, 
including mutations of p53, CDKN2A, 
NF1, and NOTCH1 and amplification 
of CDKN1B (15–17). A patient with 
receptor-positive (non-TNBC) breast 
cancer (patient 8) had FGln-avid sub-
centimeter brain metastases; tumor 
genotyping identified ERRB2 amplifica-
tion, which is implicated in glutamine 

hypermetabolism (18). Three remain-
ing patients with non-TNBC had FGln-
nonavid tumors with tumor genomic 
profiling showing no mutations associ-
ated with increased glutamine metabo-
lism. Aggressive, high-grade gliomas (n 
= 6) were FGln-avid, whereas indolent 
low-grade tumors (n = 5) were PET-
negative. FGln PET depicted tumors of 
several other cancer types in patients 
with tumor genetic mutations impli-
cated in glutamine hypermetabolism 
(Table 1).

Discussion

Herein, we report on the feasibility 
of in vivo tumor detection with non-
invasive FGln PET for several differ-
ent cancer types. Our results suggest 
that FGln PET is a promising inves-
tigational radiologic probe of in vivo 
tumor glutamine flux and metabo-
lism. Translational research with MR 
spectroscopy has yielded important 
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genetic alterations were found in sev-
eral patients with FGln-avid tumors, in-
cluding high tumor FGln avidity in three 
different patients with SDH mutations. 
These SDH-mutant tumors also demon-
strated marked glucose hypermetabo-
lism on standard FDG PET images (24).

Glutamine and glucose are the two 
primary metabolic substrates in can-
cer cell metabolism. Cancer cells ex-
hibit increased glutamine influx and 
utilization in cellular bioenergetics, 
biomass production, cell signaling, and 
homeostasis of pH and redox poten-
tial, supporting tumor growth (1,25). 
Tumor cells may increase anaplerotic 
glutamine utilization when relying on 
increased aerobic glycolysis (ie, the 
“Warburg effect”) to obtain anabolic 
precursors for macromolecular synthe-
sis, toward cancer cell multiplication 
and tumor growth (1–9,26). Trial re-
sults support this metabolic paradigm: 
FGln-avid tumors were always FDG-av-
id and more aggressive clinically. FDG 
PET–negative tumors were also FGln 
PET–negative.

Abnormally high glutamine flux and 
metabolism form a metabolic hallmark 
of aggressive tumors (26). Most mam-
malian cells cannot proliferate without 
exogenous glutamine uptake (27). Glu-
tamine transporters are often overex-
pressed in cancerous tumors (11) and 
glutamine-metabolizing enzymes are 
required for growth of “glutamine-
addicted” tumor cells (7–9). In this 
trial, clinically aggressive high-grade 
gliomas and TNBC tumors were FGln-
avid, whereas less-aggressive low-grade 
gliomas and receptor-positive tumors 
were FGln PET–negative, except for 
brain metastases in one patient with 
receptor-positive breast cancer with 
ERRB2 overexpression, which is im-
plicated in glutamine hypermetabolism 
(18). Aggressive TNBC is reported to 
be a “glutamine-addicted” cancer (28). 
FGln PET might have prognostic value 
as a metabolic biomarker of tumor 
aggressiveness.

In vitro models demonstrate that 
tumor cell FGln uptake involves trans-
porters used by normal glutamine 
(Fig E3 [online]) (10–12). Cellular 
uptake requires transport against a 

for MR spectroscopy has been tested 
clinically.

Multiple genes important to tumor 
biology are key regulators of tumor glu-
tamine flux and metabolism, such as 
MYC (6–8), P53 (21), EGFR, PIK3CA, 
MTOR, and GLUD (22,23), and tri-
carboxylic acid cycle enzymes such as 
SDH (2). In our study, relevant tumor 

in vivo insights into tumor glutamine 
metabolism (19,20). MR spectroscopy 
researchers often quantify a combined 
glutamine-glutamate “peak” due to sig-
nal overlap. Newer techniques employ-
ing infused hyperpolarized probes and 
high-field-strength imagers can reduce 
this overlap. To our knowledge, no ex-
ogenously labeled form of glutamine 

Figure 3

Figure 3: Detection of SDHB-mutant metastatic renal cancer (patient 3, Table 1) with FGln PET/CT. Cor-
responding (a) PET, (b) CT, and (c) fusion PET/CT images in single axial thoracic plane obtained 74 minutes 
after injection of 233 MBq FGln. Nodal mass of metastatic disease in right pulmonary hilum demonstrates 
distinct tracer avidity (arrow) compared with blood pool (∗).
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this time, tracer avidity at osteolytic 
metastases was likely predominantly 
tracer uptake in tumor cells rather 
than on bony matrix. Most FGln-avid 
soft-tissue tumors demonstrated partial 
tracer clearance at delayed time points, 
potentially attributable to cellular efflux 
of FGln or radiometabolite, including 
metabolic release of free 18F through 
cytoplasmic glutaminolysis.

This trial was not designed to evalu-
ate the diagnostic accuracy of FGln PET 
for tumor detection. Tumor FGln avid-
ity might vary by cancer type. Appar-
ent tumor FGln avidity was potentially 
reduced by recent antitumor therapy in 
several patients.

The results of our study trial dem-
onstrate the safety and feasibility of de-
tecting tumors in vivo with noninvasive 
FGln PET for several different cancer 
types. FGln PET has no fasting require-
ment. Preclinical and trial data support 
FGln avidity as a PET biomarker of 
glutamine flux and metabolism and sug-
gest possible correlations among tumor 
FGln PET phenotype, oncometabolic 
genotype, and tumor aggressiveness. 
Further trials to study FGln PET diag-
nostic accuracy for tumor detection and 
as a biomarker of tumor metabolic re-
sponse to therapy are warranted.
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