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Abstract
Purpose 18F-fluoroaminosuberic acid (18F-FASu) is a recently developed amino acid tracer for positron emission tomography
(PET) of oxidative stress that may offer improved tumour assessment over the conventional tracer 18F-fluorodeoxyglucose (18F-
FDG). Our aimwas to evaluate and relate dynamic 18F-FASu and 18F-FDG uptakewith pharmacokinetic modelling to transporter
protein expression levels in a panel of diverse tumour xenograft lines.
Methods Four different tumour xenograft lines were implanted in female athymic nude mice: MAS98.12 and HBCx3 (breast),
TPMX (osteosarcoma) and A549 (lung). Dynamic PET over 60 min was performed on a small animal unit. The time–activity
curves (TACs) for 18F-FASu and 18F-FDG in individual tumours were used to extract early (SUVE; 2 min p.i.) and late (SUVL;
55 min p.i.) standardised uptake values. Pharmacokinetic two-tissue compartment models were applied to the TACs to estimate
rate constants K1–k4 and blood volume fraction vB. Relative levels of cystine/glutamate antiporter subunit xCTwere assessed by
western blotting, and expression of GLUT1 and CD31 by immunohistochemistry.
Results 18F-FASu showed higher SUVE, whilst

18F-FDG exhibited higher SUVL. Influx rate K1 for
18F-FASu was significantly

correlated with xCT levels (p = 0.001) and was significantly higher than K1 for 18F-FDG (p < 0.001). K1 for 18F-FDG was
significantly correlated with GLUT1 levels (p = 0.002). vB estimated from 18F-FASu and 18F-FDG TACs was highly
consistent and significantly correlated (r = 0.85, p < 0.001). Two qualitatively different 18F-FASu uptake profiles were
identified: type α with low xCT expression and low K1 (A549 and HBCx3), and type β with high xCT expression and high
K1 (MAS98.12 and TPMX).
Conclusion The influx rate of 18F-FASu reflects xCT activity in tumour xenografts. Dynamic PETwith pharmacokinetic model-
ling is needed to fully appraise 18F-FASu distribution routes.
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Introduction

Positron emission tomography (PET) is an important tool
for imaging of cancer, providing a non-invasive means for
diagnosis, staging, monitoring of treatment and prediction
of treatment response, as well as detection of residual or
recurrent disease. Imaging of glucose metabolism by 18F-
Fluorodeoxyglucose (18F-FDG) PET is utilised for a large
range of cancer types, including lung [1], osteosarcoma
[2] and breast cancers [3]. However, reprogrammed glu-
cose metabolism is only one of the hallmarks of cancer
aggressiveness and response to therapy [4]. 18F-FDG is
not always useful, e.g. for tumours close to organs with
naturally high background [4], for tumours with low gly-
colytic activity [5], or for differentiating inflammatory le-
sions [6]. A range of tracers exploiting other aspects of
cellular metabolism have been introduced, including
tracers targeting oxidative stress [7–10]. Oxidative stress
is implicated in several features of tumourigenesis, includ-
ing mutation and initiation, cell proliferation, resistance to
apoptosis, angiogenesis, tissue invasion and metastasis
[11]. Moreover, adaptation to oxidative stress is instru-
mental in the development of resistance to chemo- and
radiotherapy [12, 13]. XC

− is a cystine/glutamate
antiporter upregulated in response to oxidative stress,
consisting of two subunits, of which the light-chain xCT
confers specificity [14]. Increased expression of xCT in
response to oxidative stress facilitates increased import
of cystine, which is intracellularly reduced to cysteine,
and may thereafter participate in either of two major inde-
pendent processes: (i) incorporation into glutathione
(GSH), the most important endogenous antioxidant for
intracellular reduction, or (ii) export for direct extracellu-
lar reduction via the cystine/cysteine redox cycle [15].

Conventional static PET, with quantification in terms of
the standardised uptake value (SUV) at typically 60 min
post-injection (p.i.), provides a useful but limited picture of
how tracer is utilised by tumours. Conversely, dynamic
PET with pharmacokinetic compartment modelling may
be used to decompose time–activity patterns into estimates
of tumour perfusion, vascular permeability, specific bind-
ing, and passively accumulated and actively metabolised
tracer [16]. This provides insight into temporal distribution
in tissue and affords time-invariant measures which may be
more directly related to biological data.

Webster et al. recently developed 18F-fluoroaminosuberic
acid (18F-FASu), a cystine/glutamate analogue PET tracer,
which has shown promising results in ovarian carcinoma
and mouse lymphoma models, with improved uptake charac-
teristics over 18F-FDG [9]. Further work by Yang et al. dem-
onstrated its potential utility in diagnosis and stratification of
breast cancers, with elevated uptake in a highly xCT-
expressing triple-negative breast cancer model [10].

However, it is not clear whether 18F-FASu is superior to 18F-
FDG in a broader, unbiased selection of cancer types. In the
current work, we have selected two breast cancers of different
phenotype: a highly aggressive triple-negative breast cancer
with high glucose [17] and choline [18] metabolism, and a
more slow-growing tumour line of ER+/PR+ subtype. As
the lung is a site which is particularly susceptible to inflam-
matory accumulation of 18F-FDG, we included a lung tumour
xenograft and finally a multi-chemoresistant osteosarcoma
[19]. Thus far, there has been no study characterising the phar-
macokinetics of 18F-FASu in relation to xCT expression. We
therefore compare dynamic 18F-FASu and 18F-FDG uptake
characteristics together with parameters from full pharmaco-
kinetic modelling, and relate uptake kinetics to protein expres-
sion in the panel of tumour xenografts.

Materials and methods

Animals and tumour xenograft model

Two breast cancers (ER+/PR+ HBCx3 and triple-negative
MAS98.12), one osteosarcoma (TPMX) and one lung
(A549) cancer xenograft were included in the study.
Twelve female nude athymic Foxn1nu/nu mice were bilat-
erally implanted with tumours under sevoflurane anaes-
thesia (3%). HBCx3, MAS98.12 and TPMX were im-
planted as xenograft tissue pieces of ~1 mm3 obtained
from previous passage. A549 was inoculated by subcuta-
neous injection (s.c.) of ~106 cells in a volume of 100 μl.
Orthotopic breast cancer xenografts were implanted in the
mammary fat pads, whilst ectopic lung and osteosarcoma
xenografts were implanted in the flanks. Tumours were
then allowed to develop for 3 weeks for A549, 5–
6 weeks for MAS98.12, 7–8 weeks for TPMX and 8–
10 weeks for HBCx3. Tumour size was measured with
callipers and volume was estimated by π/6 × length ×
width2, where length is the longest tumour diameter and
width is that orthogonal to it. Median (range) measured
tumour volumes, in units of cubic millimetres, were 93
(55–262) for A549, 477 (127–673) for TPMX, 573
(258–637) for HBCx3 and 1111 (419–1341) for
MAS98.12. Mice were kept under sterile conditions, at
constant temperature (21.5 ± 0.5 °C) and humidity (55 ±
5%), with 20 air changes/h and a 12-h light cycle. Food
and water (supplemented with 17-β-estradiol (4 mg/l) for
oestrogen-dependent HBCx3) was provided ad libitum.
All experimental procedures involving animals were ap-
proved by the National Animal Research Authority and
executed in accordance with the guidelines stipulated by
the Federation of European Laboratory Animal Science
Associations (FELASA).
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Radiopharmaceuticals

18F-FDG was provided by GE Healthcare AS, Oslo,
Norway.18F-FASu was produced in-house. The tosylate pre-
cursor (2S)-di-tert-butyl-2-((bis-tert-butoxycarbonyl)amino)-
5-(tosyloxy)octanedioate for radiolabelling was prepared from
N-boc-L-glutamic acid 1-tert-butyl ester over six steps using
methods described elsewhere [9]. Radiolabelling was accom-
plished by nucleophilic substitution using 18F-KF(crypt-222)
in DMSO at 110 °C for 10 min, followed by semi-preparative
high-performance liquid chromatography (HPLC (HSF5-C18

5 μm, 250 × 10 mm, 65% CH3CN-35% H2O, flow rate 4 mL/
min) purification. The subsequent acid hydrolysis (4 N HCl in
dioxane) was performed at 90 °C for 10 min, and the product
was purified using a tC18 cartridge. The final tracer 5-18F-
fluoro-L-aminosuberic acid (18F-FASu) was formulated in
0.9% saline and passed through a 0.22-μm filter for further
biological studies.

Dynamic PET imaging

Animals were subjected to fasting overnight (~8 h),
anaesthetised (1.0 L/min, 1.5% isoflurane in oxygen, Abbott
Laboratories, Chicago, IL, USA) and catheterised in the tail
vein before being placed prone in groups of three with tu-
mours centred in the gantry of a Siemens microPET Focus
120 pre-clinical scanner (Erlangen, Germany). Scatter and at-
tenuation correction was obtained by 10-min transmission
scans using a 68Ge point source. Emission scans were then
initiated before intravenous (i.v.) injection of 5–10 MBq of
either 18F-FASu or 18F-FDG, and list-mode data were collect-
ed for 60 min. Mice were scanned in the same order at each
imaging session, during which they were kept warm using
insulating wrapping gauze and an infrared lamp. Body tem-
perature was monitored by rectal probe in a representative
mouse and maintained at ~35 °C.

PET images were reconstructed using a 3D ordered-subset
expectation maximisation followed by a maximum a
posteriori (OSEM3D-MAP) algorithm with two OSEM itera-
tions, 18 MAP iterations, β = 0.5, matrix size = 128 × 128 ×
95 and voxel size = 0.87 × 0.87 × 0.80 mm3. Images were re-
constructed into a 48-frame dynamic sequence of 24 × 5 s, 6 ×
20 s, 4 × 30 s, 2 × 60 s, 2 × 90 s, 10 × 300 s.

Image analysis

All PET image analysis was performed in IDL 8.3 (ITT Visual
Information Solutions, Boulder, CO, USA). Full tumour vol-
umes were delineated manually in the axial plane in final frame
images. Injected activity for normalisation of data for individual
mice was estimated as previously described [20], and ranged
from 4.2 to 7.9 MBq (median 5.5 MBq). SUV time–activity
curves (TACs) were generated for all, voxels and the median of

the non-necrotic fraction (determined by auto-segmentation of
CD31-stained tumour sections, see supplementary file) of
highest-uptake voxels at 60min p.i. was used to quantify uptake
in tumours. For further quantification of raw data, we define
early SUV (SUVE) as mean uptake over 0–2 min p.i. and late
SUV (SUVL) as that of the final 5-min frame.

Individual image-derived arterial input functions (AIFs)
were obtained by automatic segmentation of images averaged
over 0–30 s p.i. Avolume containing free tracer was extracted
by seeded region growing in the left ventricle. The median
TAC over this volume was fitted to a tri-exponential function
by Levenberg-Marquardt least squares minimisation, with the
resulting fit representing the AIF.

Five mice were excluded from the 18F-FDG data due to
faulty injections or experimental failure, including all mice
implanted with MAS98.12. All tumour TACs were shifted
to a common temporal origin using the time delay of the
corresponding AIF peak, and interpolated to a uniform time
axis with range of 0–50 min and resolution of 5 s.

Pharmacokinetic modelling

Pharmacokinetic models were fitted to 18F-FASu and 18F-
FDG median tumour TACs. For 18F-FDG TACs, a two-
tissue compartment model with irreversible binding (rate con-
stants K1–k3, k4 = 0) and fractional blood volume, vB, was
applied by convention, as described elsewhere [21]. For 18F-
FASu TACs, a (i) simple one-compartment model and (ii)
irreversible and (iii) reversible two-compartment models, all
including vB, were applied and suitability assessed using the
Akaike information criterion (AIC) [22] (see supplementary
file). The two-tissue compartment model with reversible bind-
ing was found to be preferable for 14 out of 20 tumours, the
remaining 6 being roughly equally well described by both
two-tissue compartment models. All 18F-FASu TACs were
therefore fit with the full two-tissue compartment model with
parameters K1–k4 and vB.

Immunohistochemistry and Western blotting

After completion of imaging, tumours were excised and di-
vided in two. Half was snap-frozen in liquid nitrogen and
stored at −80 °C, for frozen sectioning and protein extraction.
The other half was formalin-fixed and embedded in paraffin
before being sliced in 5-μm sections for immunohistochemi-
cal analysis. A549 tumours were small, and the entire excised
tumours were therefore fixed in formalin. A new proxy set of
A549 tumours were implanted in mice, allowed to develop for
3 weeks, and harvested for comparison with PET data at the
group level.

Immunohistochemistry was performed on all tumours with
primary polyclonal rabbit antibodies against GLUT1 (1:200,
ab15309, Abcam, UK) and CD31 (1:50, ab28364, Abcam,
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UK). GLUT1 staining was performed for assessment of mem-
brane glucose transporter levels for relation to 18F-FDG up-
take, while CD31 staining was performed to evaluate tumour
vascularity. Levels of xCTwere quantified by western blotting
(1:1000, NB300-318, Novus Biologicals, USA). See supple-
mentary file for detailed protocols and scoring. For correlation
of PET data with xCT expression, A549 PET data were aver-
aged to give single group level data points for correlation with
mean A549 xCT expression from proxy tumours.

Statistics

The squared Pearson correlation coefficient, r2, was used to
evaluate goodness of fit of pharmacokinetic modelling to raw
data. Pearson’s correlation coefficient, r, was used to evaluate
correlations between PET data. Wilcoxon rank-sum tests were
used to test for differences in data between tracers. Kruskal–
Wallis tests by ranks with post hoc Dunn tests were used to
assess differences in data between tumour groups.

Results

Comparison of dynamic 18F-FASu and 18F-FDG PET
across xenograft groups

Dynamic PETscans were successfully obtained for eleven and
seven mice injected with 18F-FASu and 18F-FDG, respective-
ly. A total of 34 tumours were delineated; 20 in the 18F-FASu-

images (A549: 6, TPMX: 4, HBCx3: 6, MAS98.12: 4) and 14
in the 18F-FDG-images (A549: 6, TPMX: 2, HBCx3: 6), of
which a subset of 12 tumours were imaged with both tracers.
There was good agreement between tumour volumes delineat-
ed in both 18F-FASu and 18F-FDG images (r = 0.98,
p < 0.001) and between all delineated and measured tumour
volumes (r = 0.82 for 18F-FASu and r = 0.82 for 18F-FDG,
both p < 0.001).

Figure 1 displays early and late PET images of compar-
ative coronal sections of 18F-FASu and 18F-FDG uptake in
a representa t ive mouse implanted wi th TPMX.
Heterogeneous features in tumour uptake are recognisable
between tracers; however, dynamic distribution differed:
early uptake was higher for 18F-FASu, but this was not
retained, giving higher late uptake of 18F-FDG. Still,
18F-FASu had a favourable biodistribution with very low
background; in particular myocardial uptake was much
less pronounced than that of 18F-FDG.

Figure 2 shows mean 18F-FASu (A) and 18F-FDG (B)
TACs for the different xenograft groups. The uptake profile
of 18F-FASu was characterised by swift influx, giving an ini-
tial peak within the first 15 min, followed by a marked clear-
ance phase for MAS98.12 and TPMX. Conversely, A549 and
HBCx3 showed a rapid initial uptake followed by a plateau
phase or slow clearance, respectively. 18F-FDG uptake was
less rapid initially, but generally showed continuous accumu-
lation over the 60-min PET acquisition for most tumours. The
early tracer uptake was significantly higher for 18F-FASu than
for 18F-FDG across all xenograft groups, as reflected by mean

Fig. 1 Coronal PET images of a Foxn1nu/nu mouse with TPMX tumour xenografts examined with 18F-FASu (a) and 18F-FDG (b). For each tracer, early
(3–8 min p.i.) and late (50 min p.i.) acquisitions are shown to the left and right, respectively. Tumours are indicated by arrows.
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(±SEM) SUVE of 0.44 ± 0.03 for 18F-FASu and 0.24 ± 0.04
for 18F-FDG (p = 0.007). However, 18F-FDG had significantly
higher uptake than 18F-FASu for time points greater than
20 min p.i., with mean SUVL of 0.54 ± 0.03 for 18F-FASu
and 0.79 ± 0.04 for 18F-FDG (p < 0.001).

Reversible and irreversible pharmacokinetic models
using individual AIFs were fitted to 18F-FASu and 18F-
FDG TACs, respectively, yielding parameters K1–k4 and
vB. Agreement between raw and fitted data was overall
very good, with median (range) r2 of 0.97 (0.87–0.99)
for 18F-FASu and 0.99 (0.96–1.00) for 18F-FDG.
Pharmacokinetic parameters (K1–k4 and vB) and SUVE

and SUVL obtained for all tumours are tabulated in
Table 1. When comparing data over the subset of tumours
imaged with both tracers, K1 was significantly higher for
18F-FASu than for 18F-FDG (p < 0.001).

Correlations in PET and immunostaining data

Figure 3a-c summarises results from xCT, GLUT1 and
CD31 immunostaining. xCT was expressed in all tumours.
Relative levels of xCT were significantly higher for
MAS98.12 than for all other tumour groups (p = 0.042
against TPMX, p < 0.002 against A549 and HBCx3).
GLUT1 scores varied considerably across xenografts, with
limited extent and intensity for A549 and HBCx3 in con-
trast to extensive and intense staining for MAS98.12 and
TPMX. Median (range) necrotic fractions were 0 (0) for
A549, 0.29 (0.20–0.55) for HBCx3, 0.03 (0.02–0.08) for
MAS98.12 and 0.36 (0.15–0.40) for TPMX.

Intra-tracer K1 and SUVE were strongly correlated, with
r = 0.73 and r = 0.82 (both p < 0.001) for 18F-FASu and 18F-
FDG, respectively (see supplementary file). SUVE was also
strongly correlated with vB within tracers (r = 0.78 for 18F-
FASu and r = 0.74 for 18F-FDG, both p < 0.001). Although
18F-FDG PET data were missing for MAS98.12, inter-tracer

Table 1 Pharmacokinetic parameters and early and late standardised uptake values (SUVE and SUVL, respectively) derived from dynamic 18F-FASu
and 18F-FDG PET TACs per xenograft line

K1 k2 k3 k4 vB SUVE SUVL

18F-FASu A549 0.077
(0.071–0.089)

0.235
(0.152–0.258)

0.044
(0.039–0.050)

0.008
(0.008–0.012)

0.007
(0.000–0.029)

0.38
(0.23–0.46)

0.60
(0.51–0.84)

HBCx3 0.074
(0.063–0.096)

0.181
(0.138–0.215)

0.015
(0.008–0.038)

0.011
(0.000–0.024)

0.041
(0.000–0.054)

0.41
(0.21–0.56)

0.56
(0.51–0.59)

MAS9812 0.125
(0.091–0.155)

0.347
(0.290–0.415)

0.011
(0.008–0.015)

0.003
(0.000–0.013)

0.028
(0.018–0.060)

0.49
(0.43–0.55)

0.35
(0.32–0.50)

TPMX 0.129
(0.097–0.162)

0.306
(0.241–0.364)

0.023
(0.016–0.028)

0.000
(0.000–0.004)

0.035
(0.002–0.066)

0.57
(0.39–0.72)

0.52
(0.46–0.63)

18F-FDG A549 0.042
(0.028–0.051)

0.101
(0.051–0.202)

0.009
(0.002–0.016)

NA 0.001
(0.000–0.012)

0.18
(0.01–0.22)

0.85
(0.56–0.90)

HBCx3 0.051
(0.042–0.085)

0.193
(0.132–0.339)

0.019
(0.017–0.041)

NA 0.036
(0.001–0.048)

0.28
(0.11–0.50)

0.80
(0.55–1.08)

TPMX 0.108
(0.062–0.154)

0.270
(0.181–0.360)

0.014
(0.010–0.018)

NA 0.011
(0.000–0.022)

0.34
(0.16–0.53)

0.78
(0.77–0.79)

Median (range) values are given

NA not applicable

Fig. 2 Dynamic PET TACs for 18F-FASu (a) and 18F-FDG (b) for the
four different xenograft groups, with solid and dotted lines respectively
representing the mean and mean ± SEM per group. A549 (nFASu = 6,
nFDG = 6), HBCx3 (nFASu = 6, nFDG = 6), MAS98.12 (nFASu = 4, nFDG =
0) and TPMX (nFASu = 4, nFDG = 2)
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K1(r = 0.85), vB (r = 0.85) and SUVE (r = 0.80) from 18F-
FASu and 18F-FDG TACs were strongly correlated, all with
p < 0.001, and there was a significant inverse correlation be-
tween tracers in k3 (r = −0.59, p = 0.042).

Relative xCT levels were found to correlate positively with
K1 (r = 0.74, p = 0.001) and k2 (r = 0.78, p < 0.001) and in-
versely with SUVL (r = −0.61, p = 0.019) from 18F-FASu
PET. GLUT1 was significantly positively correlated with K1

from both 18F-FDG-scans (r = 0.70, p = 0.004) and 18F-FASu-
scans (r = 0.61, p = 0.004). Additionally, expression of xCT
and GLUT1 were found to correlate significantly (r = 0.62,
p = 0.016). Vascular fractions from CD31 were not signifi-
cantly correlated with any PET data.

Classification of two different 18F-FASu uptake
profiles

On inspection of the 18F-FASu TACs for the four different
xenograft lines shown in Fig. 2a, one may categorise them
into two main profiles: types α (A549 and HBCx3) and β
(MAS98.12 and TPMX). In the pharmacokinetic modelling
of 18F-FASu TACs, we found that the majority of tumours (14/
20) had a more or less pronounced preference for the revers-
ible model. The type β tumours were largely (6 of 8) indiffer-
ent to the choice of model and had lower k4 compared with the
type α tumours (p = 0.004). K1 and k2, as well as SUVE, were
also significantly higher for the type β tumours (p < 0.01).

Fig. 3 Immunostaining data
against xCT, GLUT1 and CD31.
All data are presented as the mean
with SEM error bars. (a) Relative
levels (background-corrected
signal normalised to mean A549
signal) of xCT per tumour group.
Sample sizes were as follows:
A549: n = 8, TPMX: n = 10,
HBCx3: n = 12; MAS98.12: n =
17. (b) GLUT1 scores. (c)
Vascular fraction as percentage
CD31-stained area per non-
necrotic tumour area. Sample
sizes for GLUT1 and CD31 were
n = 6 for A549 and HBCx3, and
n = 4 for MAS98.12 and TPMX.
(d) Relationship between tracer
influx rate and transporter ex-
pression for 18F-FASu K1 and
xCT (p = 0.024). The A549 data
point represents the mean of K1

for this group (n = 6), plotted
against mean normalised xCT
from proxy tumours. Tumours
classified as type α are shown in
red, and type β in blue
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Type α and β tumours moreover differed in protein expres-
sion, with significantly higher xCT and GLUT1 expression
(both p < 0.001) for type β. Figure 3d shows xCT expression
levels plotted against K1 from

18F-FASu PET.

Discussion

We compared dynamic 18F-FASu and 18F-FDG PET uptake
patterns together with protein expression levels in a panel of
four tumour xenograft lines. Most noteworthy, the influx rate
of 18F-FASu was significantly positively associated with xCT
expression levels. In contrast to data reported by Yang et al.
[10], we found a significant inverse relationship between xCT
expression and SUVL. Overall, uptake of

18F-FASu and 18F-
FDG was on the same scale, but their dynamic uptake profiles
differed, which was demonstrated by significant differences in
SUVs at different time points p.i. and in pharmacokinetic
modelling parameters.

Comparing 18F-FASu and 18F-FDG PET TACs for this
panel of xenografts, tumours accumulate less 18F-FASu, with
mean SUVL being nearly 50% higher for 18F-FDG. Early
uptake, however, is markedly higher for 18F-FASu, with both
SUVE and K1 about 60% lower for 18F-FDG, which may
imply differences in tracer diffusion across the blood vessel
walls in the early tissue distribution phase. Although the
tracers are of similar molecular weight (182 for 18F-FASu
and 181 g/mol for 18F-FDG), this could point to a greater
steric hindrance of 18F-FDG, but also to differences in trans-
porter affinity (see below). In any case, vB was of comparable
magnitude for the two tracers studied, indicating that the phar-
macokinetic estimates of intravascular blood volume fraction
(which should be the same regardless of tracer used) were
consistent.

In the current work, we found that expression of xCT was
s ign i f i can t ly cor re la ted wi th K1 for 1 8F-FASu.
Correspondingly, GLUT1 expression was significantly corre-
lated with K1 for

18F-FDG, in agreement with previous studies
[17, 23, 24]. This could indicate that membrane transport is a
rate-limiting factor for cellular uptake, making K1 dependent
not only on perfusion and vascular permeability, but also on
receptor availability and ligand binding characteristics. The
significantly lower K1 for 18F-FDG, therefore, may also be
in part the result of lower affinity of 18F-FDG for GLUT1
receptors compared with that of 18F-FASu for xCT. We also
found that xCTand GLUT1 expression levels in tumours were
significantly correlated, which accords with the recent finding
that xCTexpression, like GLUT1 [25], is negatively regulated
by glucose availability [26]. The observed strong correlation
of K1s from

18F-FASu and 18F-FDG PET TACs may as such
reflect not only the same vascular anatomy, but also in part this
co-behaviour in regulation of transporters. CD31 data were
not found to correlate with estimated blood volume fractions

from either 18F-FASu- or 18F-FDG PET data. Given the high
consistency in vBs derived from 18F-FASu- and 18F-FDG-
TACs, this is likely not due to inherent noise in the parameter,
but rather that indiscriminate staining of endothelium may not
be fully representative of functional vessels in the tumour
xenografts.

Regarding uptake levels in the xenograft lines, our findings
differ from those presented by Webster et al. [9] and Yang
et al. [10]. Webster et al. reported a mean SUVat 60 min p.i.
of 2.5 for 18F-FASu in SKOV-3 ovarian cancer xenografts,
more than fivefold higher than mean SUV for 18F-FDG [9].
Moreover, the dynamic 18F-FASu PET TACs for EL4 lym-
phoma xenografts showed strictly accumulative uptake over
the first hour, with mean tumour tracer concentration of just
below 1.5% of the injected dose (%ID)/cm3 from the first
frame at roughly 2 min p.i., to a level just above 6% ID/cm3

at 60 min p.i. Biodistribution tumour-to-blood ratios at 50 min
p.i. were around 12 for both xenograft lines. Translating our
results to %ID/cm3, we find comparable early uptake over the
first 2 min p.i., with group means ranging from 1.4 %ID/cm3

for A549 to 2.1 %ID/cm3 for TPMX. Late uptake however, is
considerably lower, at most 2.4 %ID/cm3 for A549 at 60 min
p.i. Mean tumour-to-blood ratios were about 0.9 for the two
breast cancer lines (MAS98.12 and HBCx3) and 2.0 for lung
cancer (A549). Even when considering SUVmax, tumour-to-
blood ratios were no greater than 3.0 ± 0.4 (A549).
Considering uptake of 18F-FASu in relation to xCT expres-
sion, Yang et al. [10] compared 18F-FASu uptake in breast
cancer models of different histological subtypes, finding sig-
nificantly elevated expression of xCT and correspondingly
higher uptake of 18F-FASu at 120 min p.i. for triple-negative
MDA-MB-231 tumours (1.38 ± 0.27 %ID/g) compared with
ER+/PR+ tumour lines MCF-7 and ZR-75-1 (1.01 ± 0.20 and
0.75 ± 0.14, respectively). These values are comparable to late
uptake in our xenografts. Recent work by Čolović et al. also
shows PET tumour-to-blood ratios for MDA-MB-231 tu-
mours increasing to not much greater than 1 at 55 min p.i.
[27], in agreement with our MAS98.12 data. Comparing
triple-negative MAS98.12 with ER+/PR+ HBCx3, we too
found higher levels of xCT in the triple-negative subtype,
corresponding to significantly higher (p = 0.010) initial uptake
of 18F-FASu. However, this did not result in high uptake at late
time points p.i., with SUVL for MAS98.12 being significantly
lower than that for HBCx3. This indicates that higher xCT-
mediated transport does not necessarily lead to increased re-
tention of 18F-FASu.

Considering the two different uptake profiles identified,
one may discuss the possible underlying biochemical process-
es. The k2 tracer efflux rate exhibited a slightly stronger cor-
relation with xCT than did K1. This could indicate that 18F-
FASu may exit cells through system Xc

− in exchange for en-
dogenous cystine, analogously with glutamate. This may well
be, as 18F-FASu has structural characteristics of both cystine
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and glutamate. The high efflux seen in type β tumours could
thus be simply the result of high xCT activity. On the other
hand, one may consider that the type α and β TAC profiles
reflect two disparate redox strategies for the different tumour
xenografts. Type α could appear to focus on intracellular re-
duction by utilisation of more modest levels of imported cys-
tine for glutathione synthesis, reflected by a greater retention
of 18F-FASu. Conversely, type β tumours may have a greater
demand for extracellular antioxidants, and prioritise export of
intracellularly reduced cysteine, resulting in high washout of
18F-FASu. Banjac et al. indeed found that the protective effect
of system Xc

− against oxidative stress is mediated mainly by
maintenance of exceedingly high extracellular levels of cyste-
ine through the cystine/cysteine redox cycle, rather than in-
creased intracellular levels of cysteine and GSH [28, 29].

Dynamic 18F-FASu PET (or combination of an early and a
late scan) could be useful for assessment of cysteine/glutamate
antiporter expression and thus of oxidative stress. Low uptake
at 60 min p.i. is not necessarily indicative of a low-grade
tumour with low xCT expression, but may rather reflect ad-
vanced disease with a highly oxidative extracellular milieu.
New PET technology capable of fast whole-body dynamic
imaging in more or less the same length of time as a conven-
tional static late scan is becoming increasingly available [30].
Dynamic 18F-FASu PET could also be informative in
predicting response to therapy. Chemotherapeutics generate
high levels of reactive oxygen species as part of their mecha-
nism of action [30], and the TAC profile displayed by TPMX
and MAS98.12 (type β) may indicate lowered sensitivity to
the oxidative stress component of chemotherapies. TPMX is
reportedly highly resistant to a range of chemotherapeutics
[19], and it may well be that the efficient use of the cystine/
cysteine redox cycle plays a part in this.

Conclusion

Dynamic imaging and pharmacokinetic analysis revealed that
early 18F-FASu uptake rate (K1) reflected xCT expression,
showing that dynamic 18F-FASu PET with pharmacokinetic
modelling may shed light on oxidative stress and different
redox strategies in tumours. 18F-FASu PET could thus be
valuable for staging and assessment of therapy response.
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