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The glutamic acid derivative (S)-4-(3-18F-Fluoropropyl)-L-glutamic
acid (18F-FSPG, alias BAY 94-9392), a new PET tracer for the
detection of malignant diseases, displayed promising results in
non–small cell lung cancer patients. The aim of this study was
to provide dosimetry estimates for 18F-FSPG based on human
whole-body PET/CT measurements. Methods: 18F-FSPG was
prepared by a fully automated 2-step procedure and purified by
a solid-phase extraction method. PET/CT scans were obtained
for 5 healthy volunteers (mean age, 59 y; age range, 51–64 y;
2 men, 3 women). Human subjects were imaged for up to
240 min using a PET/CT scanner after intravenous injection
of 299 6 22.5 MBq of 18F-FSPG. Image quantification, time–
activity data modeling, estimation of normalized number of
disintegrations, and production of dosimetry estimates were
performed using the RADAR (RAdiation Dose Assessment
Resource) method for internal dosimetry and in general con-
cordance with the methodology and principles as presented
in the MIRD 16 document. Results: Because of the renal
excretion of the tracer, the absorbed dose was highest in
the urinary bladder wall and kidneys, followed by the pan-
creas and uterus. The individual organ doses (mSv/MBq)
were 0.40 6 0.058 for the urinary bladder wall, 0.11 6
0.011 for the kidneys, 0.077 6 0.020 for the pancreas, and
0.030 6 0.0034 for the uterus. The calculated effective dose
was 0.032 6 0.0034 mSv/MBq. Absorbed dose to the blad-
der and the effective dose can be reduced significantly by
frequent bladder-voiding intervals. For a 0.75-h voiding in-
terval, the bladder dose was reduced to 0.106 0.012 mSv/MBq,
and the effective dose was reduced to 0.015 6 0.0010 mSv/MBq.
Conclusion: On the basis of the distribution and biokinetic
data, the determined radiation dose for 18F-FSPG was calcu-
lated to be 9.5 6 1.0 mSv at a patient dose of 300 MBq, which
is of similar magnitude to that of 18F-FDG (5.7 mSv). The effec-
tive dose can be reduced to 4.5 6 0.30 mSv (at 300 MBq), with
a bladder-voiding interval of 0.75 h.
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The most frequently used tracer for PET imaging in
cancer patients is 18F-FDG. The increased glucose uptake
into cells and the increased glycolysis, the so-called War-
burg effect, are used in 18F-FDG PET imaging (1,2). Glu-
cose is not the only substrate with increased turnover in
cancer cells. 18F-labeled compounds tracing deranged met-
abolic pathways other than glycolysis may have advantages
in situations in which 18F-FDG has limitations. The amino
acids glutamine and glutamate play important roles. Gluta-
mine is the most abundant amino acid in the blood (3) and
is used in tumors as a major anaplerotic substrate to pro-
duce energy and biomass by a truncated tricarboxylic acid
cycle; blood levels of glutamate are usually much lower (4).
Glutamine enters the cells via glutamine transporters and is
rapidly converted by glutaminase to glutamate, leading to
high intracellular concentrations of glutamate. Glutamate is
either used as an anaplerotic substrate and consumed during
glutaminolysis or used for glutathione biosynthesis or as an
exchange substrate by the system xC2 transporter (5,6). This
exchanger binds glutamate and cystine with similar affinity
and is able to transport both into the cells by exchange of
abundant intracellular glutamate. Intracellularly, cystine is
rapidly reduced to 2 molecules of cysteine, which are either
used in glutathione biosynthesis or contribute directly to re-
dox maintenance. A constant supply of glutathione and re-
dox maintenance are especially important in tumor cells as
protection against reactive oxygen species and for tumor
survival during therapeutic interventions. (S)-4-(3-18F-fluo-
ropropyl)-L-glutamate (18F-FSPG, alias BAY 94-9392) is
a novel agent for PET imaging and is specifically transported
into cells via system xC2. The specificity of uptake was
demonstrated recently in cell competition assays and cells
with transporter knockdown (6). An excellent tumor visual-
ization was achieved in animal tumor models (7). Biodistri-
bution analysis in rodents showed a rapid blood clearance via
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the kidneys and low background activity (including in the
brain), providing high contrast for tumor imaging (7). 18F-FSPG
PET that examines system xC2 activity in vivo may provide
additional information on adaptations of tumors against oxi-
dative stress and provide the potential for better understand-
ing of tumor biology and chemoresistance mechanisms.
Pilot clinical studies using 18F-FSPG showed promising

results in non–small cell lung cancer and breast cancer (8).
The present study describes the biodistribution of 18F-FSPG
and estimated the whole-body (WB) radiation dose result-
ing from 18F-FSPG in healthy subjects. Safety and suitabil-
ity for clinical application from a radiodosimetric perspective
were assessed. Radiation dosimetry calculations were per-
formed using the RADAR (RAdiation Dose Assessment
Resource) method for internal dosimetry as implemented
in the OLINDA/EXM software and in general concordance
with the methodology and principles as presented in the
MIRD 16 document (9,10).

MATERIALS AND METHODS

Subjects
The Ethics Committee of the Klinikum rechts der Isar,

Technische Universität München, granted approval for this
proof-of-mechanism PET/CT study, and the Federal Office for
Radiation Protection and Federal Institute for Drugs and Medical
Devices authorized the study. Five healthy volunteers (2 men,
3 women; age range, 51–64 y) were recruited, and written informed
consent was obtained from each subject before the screening ex-
amination. Demographic data of the volunteers recruited are given
in Table 1. Inclusion criteria were age between 50 and 65 y, ability
to provide written informed consent, and adequate function of
major organs. Exclusion criteria were pregnancy, lactation, and
prior history of cancer. At screening, the volunteers did not have
any clinically significant abnormality on physical or laboratory
examinations (including physical examination, heart rate, blood
pressure, electrocardiogram, hematology, serum biochemistry,
coagulation, and urine analysis). The physical and laboratory ex-
aminations were repeatedly performed within 6 h, at 24 h and 7 d
after injection of 18F-FSPG, with added attention devoted to the
occurrence of adverse events.

An intravenous catheter was placed in the antecubital vein of
each arm, to allow tracer administration through one catheter and
blood sampling with the other catheter. To avoid occlusion
between sampling, saline was used for line flushing. All voided
urine from the time of injection and up to 5 h after injection was
collected, and the time of voiding was recorded for each volunteer.

Awell counter detector (Wallac) was used for the measurement of
activity in the urine samples. In addition, a standard with a known
amount of activity and of exactly the same volume as the urine
samples was also measured, together with the samples, to convert
the counting rate of the urine samples into activity. The total
amount of excreted radioactivity was determined by multiplying
the activity measurements with the urine volumes.

Radiosynthesis
18F-FSPG was obtained via an automated 2-step radiosynthesis.

In a first step, radiolabeling of the precursor (nosylate precursor
Di-tert-butyl (S)-N-(tert-butoxycarbonyl)-4-(3-{[(4-nitrobenzene)
sulfonyl]oxy}propyl)-L-glutamate) with 18F-fluoride was performed.
18F-fluoride was produced with an in-house 10-MeV cyclotron
(Siemens). In a second step, acidic hydrolysis was used to remove
the protective groups. Purification of the tracer was achieved via
a Sep-Pak system (11).

Quality control of the tracer was conducted with regard to ra-
dionuclidic purity, radiochemical purity, chemical purity, appear-
ance, and physicochemical properties. The radiochemical purity
was at least 90%. The specific activity of 18F-FSPG was greater
than 190 GBq/mmol based on high-performance liquid chroma-
tography measurements (calibration curve with nonradioactive ref-
erence compound).

PET Protocol
PET/CT was performed with a Biograph 64 TruePoint PET/CT

scanner (Siemens Medical Solutions). It is a lutetium oxyortho-
silicate 3-dimensional scanner and has an axial field of view of
216 mm, 39 image slices, a slice thickness of 4.2 mm, and
a spatial resolution of 4.4 mm at the center of the field of view
(12). Low-dose CTwas used for attenuation correction of the PET
emission scans. Volunteers were scanned supine with their arms
down. After a planning CT scan, a low-dose (120 kV; 25 mAs;
pitch, 1.2; CareDose 4D [Siemens]), no-contrast, WB CT scan was
obtained. CT data were reconstructed in a 512 · 512 voxel matrix.

The mean injected 18F-FSPG activity via an antecubital vein
was 300 6 22.9 MBq (mean 6 SD), with a range from 275 to 330
MBq (Table1).

The first PET acquisition was started instantly after injection.
After an initial total-body scan (12 bed positions, 1 min per bed
position), 6 sequential WB scans from the top of the head to mid
thigh were conducted, with an axial extent of 1,536 mm (7 bed
positions, 1 min per bed position initially and 4 min per bed
position in the last 2 scans). Subjects were permitted to leave the
scanner after the fifth and sixth 18F-FSPG scans. An ultra-low-
dose CT scan (120 kV; 11 mAs; CareDose 4D) from the head to
mid thigh was obtained before each of the 2 last PET acquisitions.
A calibration source with a known activity and volume was placed

TABLE 1
Subject Details and Injected Radioactivity of 18F-BAY 94-9392

Subject no. Sex Age (y) Specific activity (GBq/mmol) Injected dose (MBq)

1101 F 58 361 283

1102 F 64 269 316

1103 M 57 199 275
1104 F 63 282 330

1105 M 51 433 295

Mean 6 SD 58.6 6 5.2 309 6 90 300 6 22.9
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next to the head and imaged with each volunteer. The imaging
sequence is described in Table 2.

PET images from the Biograph 64 Truepoint PET/CT scanner
were reconstructed using the attenuation-weighted ordered-subset
expectation maximization algorithm implemented by the manu-
facturer, using 8 iterations and 4 subsets. Reconstruction included
attenuation and scatter correction based on the CT data. 18F ac-
tivities were decay-corrected to the time of injection and normal-
ized to the total administered activity.

Blood Sampling
Blood samples from 4 volunteers were drawn at approximately

5, 10, 15, 20, 30, 45, 60, 120, and up to 240 min after injection of
18F-FSPG, and the exact time point of the collection of each blood
sample was recorded. Blood sampling was technically not possible
in 1 volunteer. The blood cells were separated from the plasma by
centrifugation. A well counter detector (Wallac) was used for the
measurement of activity in the whole-blood and plasma samples.
In addition, a standard with a known amount of activity and of
exactly the same volume as the blood and plasma samples was also
measured, together with the samples, to convert the counting rate of
the blood and plasma samples into activity. The stability of the
tracer in plasma was assessed by thin-layer chromatography using
a preparative layer (PLC) silica gel plate (Merck) and n-butanol/
aqua/acetic acid/ethanol (12/5/3/1.5) as developing solvent.

PET Data Analysis
The attenuation-corrected transverse image data slice planes

were resliced into coronal images for each subject and each time
point using custom software (CDE Dosimetry Services, Inc.).
Regions of interest for all organs showing uptake above general
body uptake were constructed on the coronal slices to create
volumes of interest representing activity-containing organs or tissues.
Where reasonable, some coronal slices were combined before
region-drawing to reduce the number of regions of interest required
to complete this process. The regions of interest that were drawn
included the stomach wall, heart contents, kidneys, liver, marrow,
pancreas, salivary glands, spleen, thyroid, and urinary bladder.

Activity in each volume of interest was determined by summing
concentration results directly from the PET images, along with
voxel volumes. For images that stopped at the mid-thigh level,
activity in the upper thigh was used to estimate the off-image
activity. For quality-assurance purposes, activity in each volume
of interest was also determined using the calibration source

imaged with each patient and the head-to-feet total-body first-
image total counts. Activities were also normalized where
necessary to account for 100% of the injected activity, ensuring
that the absorbed doses were not underestimates.

Absolute activity was converted to fractions of administered
activity by dividing by the total activity administered. Organ and
tissue data were fit in a least-squares sense using nonlinear re-
gression with sums of exponentials. Between 1 and 4 exponential
terms were used, as appropriate.

The normalized number of disintegrations in units of hours
was established by integrating these empirically determined sums
of exponentials from time zero to infinity, taking into account
physical decay. The remainder of the body-normalized number of
disintegrations was determined by fitting the remainder of the
body time–activity obtained by subtracting all organ activities
from WB activity. The urinary bladder–normalized number of
disintegrations was established using the parameters determined
by fitting the WB activity data with a urinary bladder model as
implemented in the OLINDA/EXM software (9), with a 3.5-h
bladder-voiding interval.

Absorbed dose estimates for all target organs and organ dose
estimates were determined using the OLINDA/EXM software (9).
The radiation transport phantom selected within OLINDA/EXM
software was the hermaphroditic adult male phantom. The effec-
tive dose (ED) was determined using the methodology described
in ICRP publication 60 (13).

TABLE 2
18F-FSPG Imaging Protocol

Scan Time (min) Axial extent of scan Scan duration

Low-dose CT 22 Total body
1 0 Total body 1 min per bed position
2 12 WB 1 min per bed position

3 19 WB 1 min per bed position

4 26 WB 1 min per bed position

5 33 WB 1 min per bed position
Ultra-low-dose CT 149 WB

6 150 WB 4 min per bed position

Ultra-low-dose CT 239 WB
7 240 WB 4 min per bed position

Ultra-low-dose CT was performed when subject was repositioned on scanner after getting up for bladder voiding.

FIGURE 1. A 64-y-old healthy female volunteer. Maximum-inten-

sity-projection PET images of 7 sequential WB images from 0 to
240 min after injection of 316 MBq of 18F-FSPG.
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RESULTS

All volunteers tolerated the examination well. All
monitored parameters (electrocardiogram, blood pressure,
and heart rate) stayed normal and unchanged during and
after the examination. No study drug–related adverse event
occurred. Laboratory blood tests were all normal and un-
changed during and after the examination.
All volunteers showed fast clearance of the tracer from

the blood pool, high uptake in the pancreas, and renal
clearance resulting in high uptake in the kidneys and the
bladder. Typical total-body PET biodistribution images of
a subject from the first imaging time point at the time of
intravenous injection of 18F-FSPG up to 240 min after in-
jection are shown in Figure 1. It is visually evident that
there were high levels of accumulation of 18F-FSPG in
the kidneys, urinary bladder, and pancreas, whereas no sig-
nificant levels of accumulation in the brain, lungs, breasts,
liver, spleen, and intestines were identified.
Percentage injected activity as a function of time was de-

termined for all quantified organs. On average, the organ that
showed the largest peak uptake was the urinary bladder, with
approximately 39% of the injected activity at 45 min after
injection. The next largest peak uptake occurred in the kid-
neys at 10 min after injection, with approximately 16% of
the injected activity. Figures 2A and 2B show time–activity

curves (percentage injected dose per gram vs. time after in-
jection) for selected organs for all subjects.

The largest mean normalized number of disintegrations
for the subjects was determined for the urinary bladder (0.85 h),
remainder tissues (0.66 h), and kidneys (0.17 h). Table 3 lists
organ-absorbed doses per unit administered activity (in mSv/MBq)
as calculated using OLINDA/EXM software. On average, the
organ receiving the largest absorbed dose was the urinary
bladder at 0.40 6 0.058 mSv/MBq, followed by the kidneys
at 0.11 6 0.011 mSv/MBq. On the basis of the organ-
absorbed doses, the mean ED was estimated to be 0.032
6 0.0034 mSv/MBq, with a low of 0.029 mSv/MBq and
a high of 0.037 mSv/MBq. The ED resulting from a typical
diagnostic activity of 300 MBq of 18F-FSPG was estimated to
be 9.5 6 1.0 mSv. The highest organ dose to an individual
subject observed in the study was 0.50 mSv/MBq to the
urinary bladder, observed in a male subject.

Absorbed dose to the bladder and the ED can be reduced
significantly by frequent bladder-voiding intervals. For a
0.75-h voiding interval, the urinary bladder dose was reduced
to 0.10 6 0.012 mSv/MBq and the ED to 0.015 6 0.0010
mSv/MBq, or 4.5 6 0.30 mSv at a 300-MBq dosing level.

18F-FSPG was rapidly cleared from the blood pool, and
within 30 min the percentage injected dose per gram value
was less than 0.04, as shown in Figures 3A and 3B. Plasma
values were higher than those of whole blood at all times.

FIGURE 2. Mean time–activity curves for selected organs (kidneys,

liver, pancreas, and stomach wall) (A) and urinary bladder (B) after

injection of 18F-FSPG in 5 healthy volunteers. Volunteers emptied their
bladders after 0.75 and 3.0 h. Variability represented by error bars.

TABLE 3
Absorbed Dose Estimates (in mSv/MBq): Mean Values for 5

Subjects for Bladder-Voiding Time of 3.5 Hours

Organ Mean

Adrenals 0.0094

Brain 0.0030
Breasts 0.0033

Gallbladder wall 0.0089

Lower large intestine wall 0.016

Small intestine 0.0097
Stomach wall 0.017

Upper large intestine wall 0.0087

Heart wall 0.011

Kidneys 0.11
Liver 0.014

Lungs 0.0045

Muscle 0.0069
Ovaries 0.015

Pancreas 0.077

Red marrow 0.0086

Osteogenic cells 0.0081
Salivary glands 0.0064

Skin 0.0040

Spleen 0.015

Testes 0.011
Thymus 0.0043

Thyroid 0.013

Urinary bladder wall 0.40
Uterus 0.030

Total body 0.0076

ED 0.032
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No radiolabeled metabolites were detected in the plasma
within 240 min after intravenous injection, with thin-layer
chromatography detecting only the nonmetabolized 18F-
FSPG (Fig. 4).

DISCUSSION

The clinical safety and the WB biodistribution of 18F-
FSPG after the intravenous bolus administration were
evaluated in healthy adult volunteers, and the associated
internal radiation dosimetry was determined. In this study,
the tracer was found to be safe and well tolerated, with no
drug-related adverse event occurring in 5 subjects. The
tracer showed predominant clearance through the kidneys
and excretion of radioactivity into the urinary bladder. An
increased initial activity concentration and slightly delayed
clearance were observed for subject RNR1104; these might
be mainly attributed to a suboptimal hydration status (Fig. 3).
The renal clearance of 18F-FSPG led to the urinary bladder
receiving the highest absorbed doses. Uptake by the pan-
creas was relatively high.

18F-FSPG was stable in humans; it did not show any
defluorination or any other metabolites. Thin-layer chroma-
tography documented only the intact tracer up to 240 min

after injection. In our previous imaging study with 18F-4-
fluoro-L-glutamate (BAY 85-8050), we found characteristics
similar to 18F-FSPG, with fast clearance from the peripheral
blood and renal excretion (14). However, BAY 85-8050 was
not stable in humans and as early as 5 min after injection
radiolabeled metabolites were detectable in plasma (14). We
interpreted the reason for the instability as a systemic metab-
olism in human subjects, with subsequent uptake of fluori-
nated metabolites in the bone. 18F-FSPG, by contrast, was
stable in humans; no fluorinated metabolites were present in
plasma during the examination up to 240 min after intrave-
nous injection. The rapid clearance from the blood pool
resulted in a low background in the brain, thorax, and intes-
tines, allowing for potential tumor imaging in these regions.

On the basis of the biodistribution study in 5 healthy
human subjects, we estimated the ED of 18F-FSPG to be 9.5 mSv
(with the potential to be lowered to 4.5 mSv with frequent
bladder voids), which was comparable to other radiolabeled
pharmaceuticals and the ED of 18F-FDG. Table 4 summa-
rizes the EDs of other 18F-labeled radiopharmaceuticals
(15–18) and 18F-FSPG. In comparison to BAY 85-8050, the
ED of 18F-FSPG was calculated to be higher (14). 18F-FSPG
was solely excreted renally; the organ dose to the urinary
bladder, in comparison to BAY 85-8050, was larger (0.40
mSv/MBq vs. 0.03 mSv/MBq) and was one of the factors
that caused a larger ED.

18F-FSPG visualizes a metabolic pathway, which is dif-
ferent from glycolysis, providing more insight into tumor
biology and the metabolic requirements of tumors (4,5).
Furthermore, 18F-FSPG PET imaging studies could contrib-
ute to the further elucidation of the role of system xC2 in
oxidative stress and chemoresistance of tumors.

Because proliferating cells show an increased demand
for amino acids, L-glutamine, the most abundant amino acid
in the blood pool, may serve as adequate supply. The glu-
tamine catabolism in the cancer cell is upregulated to func-
tion as a source of metabolic energy and as a precursor for

FIGURE 3. Time–activity curve in whole-blood samples (A) and in

plasma samples (B). Measured data in 4 subjects; blood sampling

for metabolite analysis was not performed in 1 subject.

FIGURE 4. Thin-layer chromatography results in plasma (n 5 4).

Only intact tracer was detected.
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nonessential amino acid biosynthesis serving as a primary
nitrogen donor (19). The increased glutaminolysis provides
an anaplerotic substrate to replenish the intermediates in the
truncated citric acid cycle and acts as an important energy
source for the cell (4). The MYC oncogene, frequently
dysregulated in human cancer, encodes a transcription fac-
tor, which stimulates the conversion of glutamine to gluta-
mate (20). Imaging of the glutaminolytic and associated
pathways may further elucidate the complex metabolic
pathways involved in the tumor proliferation.
Preclinical studies demonstrated a high uptake of 18F-

FSPG in several tumor cell lines occurring specifically
via the system xC2, a sodium-independent transporter,
which has an increased activity in tumors (7). Proof-of-
mechanism studies are currently under way describing
promising results in humans, which will be important for
the further development of 18F-FSPG as an imaging agent
in cancer.

CONCLUSION

This study was performed to describe the biodistribution
and assess the radiation dose of 18F-FSPG. The PET tracer
18F-FSPG is safe. The dosimetry estimates presented in this
study reveal a possible use of 18F-FSPG from the dosimet-
ric point of view. The radiation dose of 18F-FSPG is of
a magnitude similar to the ED of 18F-FDG, the most com-
monly used tracer in oncology.
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