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Abstract: Sarcomas are rare tumors of mesenchymal origin. Sarcomas display significant histological heterogeneity, 
resulting in significant imaging heterogeneity. 18F-FDG PET has is increasingly used for the evaluation, staging and 
surveillance of patients with sarcomas. 18F-FDG PET maximum SUV has been shown to be correlated with sarcoma 
grade and overall survival. This has led to interest in alternative PET tracers to assess the biological characteristics 
of tumors and guide treatment decisions. Here we investigate novel PET/CT tracers used for the evaluation of sarco-
mas over the past 20 years and summarize what we have learned about sarcoma tumor biology from these studies.
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Introduction

Bone and soft tissue sarcomas are a heteroge-
neous group of tumors thought to be derived 
from mesenchymal tissues [1]. Sarcomas are 
rare cancers which comprise approximately 
21% of pediatric cancers and 1% of new cancer 
diagnoses in adults [1, 2]. The prognosis for 
sarcoma patients can vary dramatically. Five-
year survival after a new sarcoma diagnosis in 
patients without metastatic disease is 65% [1], 
but varies due to many factors including  histo-
logic grade, sarcoma subtype, and tumor size 
[2-4]. Tumor type, size and histologic grade are 
among the most important prognostic factors 
for patients with sarcoma. Tumor grade is relat-
ed to many histopathologic factors including 
mitotic activity, intra-tumoral necrosis, and 
tumor cell differentiation [5].

Imaging is essential for the evaluation and 
treatment of sarcoma. Magnetic resonance 
imaging (MRI) has been shown to be the best 
modality to assess tumor size, extent and neu-
rovascular involvement for surgical and radia-
tion therapy planning [6]. Computerized tomog-
raphy (CT) is the best imaging modality for the 
detection of pulmonary metastases and used 
for staging [6]. There has been progressive 

increasing interest in metabolic and functional 
imaging of sarcomas. 18F-Fluorodeoxyglucose 
(18F-FDG) is a glucose analog which is taken up 
rapidly by tumor cells. This allows for identifica-
tion of tumor cells with high glucose metabo-
lism. 18F-FDG positron emission tomography/
computed tomography (PET/CT) is frequently 
utilized for sarcoma staging, surveillance, and 
to aid in biopsy guidance [1]. The maximum 
standardized uptake value (SUV) on 18F-FDG 
PET/CT studies has been correlated with sar-
coma grade [7-9] and overall survival [10-12]. 
18F-FDG PET/CT has also been shown to be 
clinically useful for differentiating benign from 
malignant peripheral nerve sheath tumors [13]. 
More recent reports suggest that 18F-FDG PET/
CT may also clinically differentiate enchondro-
mas from chondrosarcomas [14]. The signifi-
cant clinical success of 18F-FDG PET/CT has 
resulted in significant interest in developing 
other PET tracers that can assist in the evalua-
tion and treatment of patients with sarcoma.

Alternative PET/CT tracers are now being devel-
oped to take advantage of non-glucose metab-
olites to reveal information about sarcoma 
tumor biology that may have diagnostic or prog-
nostic implications. Consequently, many PET/
CT tracers are currently in development and 
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have been studied in the context of bone and 
soft tissue sarcoma. The purpose of this review 
is to identify preclinical PET/CT tracers that 
may be used in future for sarcoma imaging, and 
to evaluate what we have learned from using 
these tracers.

Literature search

Articles were identified to be included this 
review by searching in PubMed for “(‘positron 
emission’ OR PET) AND (sarcoma) AND ([TR- 
ACER])”. Analogous searches were perform- 
ed using Google Scholar, Ovid Medline, and 
Thomson’s Web of Science. Only articles writ-
ten in English were assessed and only new  
PET tracers used between 01/01/2000 and 
06/01/2018 were included. Studies with hu- 
man subjects were included based on rele-
vance to sarcoma clinical practice. Figure 1 
shows PRISMA diagram of how studies were 
selected for the review. Table 1 shows novel 
PET tracer clinical characteristics.

Nucleoside analogues

11C-thymidine

11C-thymidine is a nucleoside analogue which  
is taken up and directly incorporated into the 

DNA of cancer cells [15]. 11C-thymidine has a 
half-life of 20.4 minutes [16, 17], and the meta- 
bolic product 11CO2 is excreted through exhala-
tion [18]. 11C-thymidine avidity is a direct mea-
sure of tumor cell DNA synthesis because it is 
incorporated into DNA [15]. This allows this PET 
tracer to assess how treatment including 
chemoradiation affects tumor DNA synthesis 
[15] and to differentiate tumor from non-repli-
cative inflammatory cells [15]. 11C-thymidine 
has been investigated as a component of multi-
agent PET to estimate sarcoma grade. In a 
small pilot trial, 10 patients with soft tissue sar-
coma (STS) were imaged with 11C-thymidine to 
visualize cellular proliferation, and these results 
were compared with histological grade [19]. No 
correlation was found between 11C-thymidine 
avidity and sarcoma grade; however, thymidine 
flux values ranged from 0.0001 to 0.147 in dif-
ferent sarcoma types [19]. This suggests varia-
tion in sarcoma cellular proliferation between 
different sarcomas, which may have implica-
tions in treatment [19]. To assess the potential 
of 11C-thymidine to measure tumor response to 
therapy, Shields et al. imaged two patients with 
high grade sarcoma before and after the initia-
tion of chemotherapy using 18F-FDG PET and 
11C-thymidine PET [15]. In one sarcoma patient, 
the steady state thymidine incorporation flux 

Figure 1. PRISMA diagram. 
Generated using the PRISMA 
Flow Diagram Generator by 
Toronto Health Economics 
and Technology Assessment 
Collaboration (http://prisma.
thetacollaborative.ca/).
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rate constant declined to 0%, and this corre-
sponded with a 58% decrease in the 18F-FDG 
metabolic rate [15]. This patient experienced 
complete resolution of the primary tumor com-
pletely following chemotherapy. The second 
sarcoma patient experienced only a 3% reduc-
tion in thymidine incorporation, and the meta-
bolic rate of 18F-FDG increased 85% after treat-
ment; this patient rapidly died of progressive 
disease [15]. This proof of concept study indi-
cated that 11C-thymidine may be a target for 
future research into sarcoma response to ther-
apy imaging.

18F-Fluoro-3’-deoxy-L-thymidine

18F-Fluoro-3’-deoxy-L-thymidine (18F-FLT) is an- 
other radiolabeled thymidine nucleoside an- 
alogue which can be used in place of 
11C-thymidine. 18F-FLT is taken up by sarcoma 
cells and incorporated into the thymidine sal-
vage pathway [20]. Once 18F-FLT passively dif-
fuses into the cell [21], it is phosphorylated by 
the thymidine kinase 1 enzyme (TK1) and 
trapped in the cell [20]. TK1 activity increases 
10-fold when cells undergo DNA synthesis [22], 
resulting in differential 18F-FLT uptake between 
proliferating and non-proliferating cells. 18F-FLT-
monophosphate can further be phosphorylated 
to 18F-FLT-triphosphate, but it is not incorporat-
ed into DNA due to the substitution of the 5’ OH 
in thymidine by fluorine [17, 20]. Consequently, 
18F-FLT PET/CT uptake is an indirect measure of 
tumor proliferation in cells which undergo DNA 
replication using the thymidine salvage path-
way, although it is a poor measure of prolifera-
tion in cells undergoing de novo thymidine syn-
thesis [20]. 18F-FLT PET/CT has advantages 
over 11C-thymidine. 11C-thymidine requires an 
onsite cyclotron, limiting its widespread use; 
however this is not necessary for 18F-FLT [22]. 

This is because 18F has a half-life of 110 min-
utes [22], whereas the radiolabeled carbon in 
11C-thymidine has a much shorter half-life of 20 
minutes and is rapidly metabolized in vivo [22, 
23]. Consequently, 11C-thymidine PET/CT pro-
duces lower quality images which impairs prolif-
eration rate calculations when compared with 
18F-FLT PET/CT [22].

Cobben et al. assessed the use of 18F-FLT PET/
CT for detection and grading of STS [24]. In a 
trial of 19 patients with 20 histologically-con-
firmed STS tumors, all 20 malignant lesions 
were detected with full body 18F-FLT PET/CT 
prior to treatment [24]. However the sensitivity 
of 18F-FDG PET/CT for detecting these sarco-
mas ranged from 88-92% [24]. Buck et al. 
imaged 22 patients with established or sus-
pected soft tissue or bone tumors using both 
18F-FLT and 18F-FDG PET for pretreatment plan-
ning [25]. Seventeen tumors were histologically 
confirmed to be malignant bone or soft tissue 
sarcomas, and five tumors were confirmed to 
be benign. Using a threshold cutoff value of 2.0 
for mean SUV, all 17 malignant tumors were 
identified by 18F-FLT PET (100% sensitivity) and 
three out of four benign tumors were classified 
correctly (75% specificity) [25]. However, using 
this same threshold, one benign lesion was 
incorrectly classified as malignant by 18F-FLT 
PET.

18F-FLT PET also compares favorably with 18F-
FDG PET as a noninvasive tool to predict sar-
coma cell proliferation. In a study of eight RIF-1 
sarcoma bearing mice treated with saline or 
with a single 5 mg/kg dose of cisplatin, normal-
ized uptake of 18F-FLT uptake was linearly cor-
related with proliferating cell nuclear antigen 
labeling index (r=0.89, P=0.001), indicating 
that 18F-FLT PET avidity is a measure of cell pro-

Table 1. Characteristics of PET tracers for sarcoma imaging
Tracer Analogue Half-life Clinical role
11C-thymidine Nucleic acid (thymidine) 20.4 minutes Superior tumor-to-inflammation ratio
18F-FLT Nucleic acid (thymidine) 110 minutes Estimation of tumor proliferation, grade, mitotic index, and response to therapy
11C-methionine Amino acid (methionine) 20.4 minutes Superior tumor-to-inflammation ratio, estimation of response to therapy
18F-FPMET Amino acid (methionine) 110 minutes Superior tumor-to-inflammation ratio
18F-FPro Amino acid (proline) 110 minutes Accumulates in osteosarcoma in an animal model
11C-tyrosine Amino Acid (tyrosine) 20.4 minutes Superior tumor-to-inflammation ratio, estimation of tumor PSR, grade, and mitotic index
18F-FPT Amino Acid (tyrosine) 110 minutes Low tracer uptake in inflammation
18F-FMISO Hypoxia (nitroimidazole) 110 minutes Limited data evaluating correlation between avidity and tissue pO2

18F-EF5 Hypoxia (nitroimidazole) 110 minutes Detection of tumor hypoxia
18F-FAZA Hypoxia (nitroimidazole) 110 minutes Detection of tumor hypoxia, estimation of radiotherapy response
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liferation in vivo [26]. Studies in human patients 
with sarcoma have also indicated that 18F-FLT 
PET uptake correlates with histopathologic 
grade. Buck et al. identified a significant corre-
lation between mean 18F-FLT SUV and histo-
pathologic grade (r=0.71, P=0.01) in 22 human 
patients with bone and soft tissue sarcoma 
[25]. Mean 18F-FLT SUV was significantly elevat-

ed in high grade sarcomas when compared  
to low grade sarcomas (mean=6.1, range=2.5-
8.3 vs. mean=1.6, range=1.4-1.8; P=0.001) 
[25]. However, Buck et al. found no correlation 
between mean 18F-FDG SUVmax or SUVmean and 
sarcoma histologic grade [25]. Another pro-
spective study of 10 patients with locally 
advanced, nonresectable STS identified a sig-

Figure 2. “Baseline and follow-up 18F-FLT positron emission tomography/computed tomography images are shown 
of 2 patients with angiosarcoma of the breast. The patient shown in (A) exhibited >95% tissue necrosis after neo-
adjuvant treatment and was classified as a histopathologic responder. The patient in (B) was a histopathologic 
nonresponder with <5% tissue necrosis after treatment. However, comparable decreases in 18F-FLT uptake of 85% 
and 71%, respectively, were seen. Therefore, the patient in (B) was misclassified as a metabolic responder by fluo-
rothymidine positron emission tomography analysis. SUVpeak indicates peak standardized uptake value”. Reprinted, 
with permission, from reference [27].
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nificant correlation between sarcoma mitotic 
index and 18F-FLT SUVmax (r=0.87, P=0.001) 
[17]. Similarly, among 20 histology-confirmed 
STS in 19 patients, there were significant posi-
tive correlations between18F-FLT SUVmax and 
mitotic score (r=0.721, P<0.05), 18F-FLT SUVmax 
and histologic grade (r=0.724, P<0.05), and 
correlation between tumor-to-nontumor ratio 
and histologic grade (r=0.747, P<0.05) [24].

18F-FLT PET has also been used to assess sar-
coma response to treatment. Benz et al. imaged 
20 adult human patients with biopsy-proven, 
high grade, resectable STS using 18F-FLT PET/
CT before and after neoadjuvant therapy [27]. 
18F-FLT SUVmax decreased from a pretreatment 
mean of 7.1±3.7 g/mL to 2.7±1.6 g/mL after 
treatment (P<0.001), indicating a treatment 
response, and changes in peak FLT uptake 
were correlated with changes in tumor size 
(r=0.52, P=0.02) and tumor necrosis (r=0.68, 
P=0.001) [27]. However, there was no correla-
tion between 18F-FLT uptake and TK1 expres-
sion (r=0.26, P=0.27) or Ki-67 activity (r=0.29, 
P=0.21) [27]. Figure 2 shows pretreatment and 
posttreatment 18F-FLT PET images from a histo-
logic responder and a histologic non-respond-
er. 18F-FLT PET can also be used as an early 
marker of sarcoma response to chemotherapy 
[26]. Treatment of 8 mice with radiation-
induced fibrosarcoma with cisplatin resulted in 
significant decreases in tumor cell proliferation 
as measured by a decrease in proliferating cell 
nuclear antigen labeling index from 14.0%±2.0% 
to 6.2%±1.0% (P=0.001); this reduction in pro-
liferation was detected by a simultaneous 
decrease in normalized 18F-FLT uptake in these 
animals from 0.76±0.08 to 0.51±0.08 (P=0.03) 
[26]. 18F-FLT PET has also been demonstrated 
to predict response to therapy in human 
patients with sarcoma. Van Ginkel et al. report 
that 18F-FLT SUVmax decreased from a mean of 
3.5 to 1.7 (P=0.008) and that SUVmean de- 
creased from 1.9 to 0.8 (P=0.002) among 10 
patients treated with locally advanced STS 
treated with hyperthermic isolated limb perfu-
sion, TNF-α, and melphalan [17]. Furthermore, 
there was a correlation between pretreatment 
18F-FLT SUVmean and necrosis following treat-
ment (r=0.642, P<0.05) [17].

18F-FLT PET also potentially has a role in pre-
dicting response to targeted therapies. The 
driving mutation in 85% of Ewing sarcomas is 
the EWS-FLI1 translocation, which promotes 

the expression of multiple genes including 
ENT1, ENT2, and TK1 [28]. ENT1 and ENT2 per-
mit passive transport of 18F-FLT into tumor 
cells, and TK1 phosphorylates and traps the 
radiotracer in the cell [28]. Osgood et al. found 
that repression of EWS-FLI1 in Ewing sarcoma 
cell lines with small molecule inhibitors reduced 
mRNA expression of ENT1, ENT2, and TK1 in 
vitro; in contrast, chemotherapeutic agents like 
5FU had no effect on TK1 expression [28]. Mice 
with Ewing sarcoma xenografts were treated 
with the small molecule inhibitors mithramycin 
(1 mg/kg), EC-8042 (24 mg/kg), or EC-8105 
(1.5 mg/kg), and were subsequently imaged 
with 18F-FLT PET both before and after therapy 
[28]. All three agents resulted in significant sup-
pression of 18F-FLT activity (P<0.05), but no 
suppression was evident after treatment with 
5-FU. This suggests that 18F-FLT PET could 
potentially demonstrate susceptibility and 
response to targeted EWS-FLI1 therapy for 
Ewing sarcoma.

Amino acid analogues

11C-methionine

11C-methionine is a radiolabeled amino acid 
with a half-life of 20.4 minutes [16, 17] and  
has been investigated as a PET tracer for sar-
coma. Its half-life limits its current clinical use. 
Sarcoma tumor cells upregulate amino acid 
transport, transmethylation rate, and protein 
synthesis [29, 30]. Radiolabeled amino acids 
such as 11C-methionine are absorbed and 
incorporated into proteins and can serve as a 
marker of protein synthesis using PET imaging 
[30]. 11C-methionine was superior to 18F-FDG 
for differentiating fibrosarcoma from inflamma-
tory background in a mouse model [30]. S180 
fibrosarcoma-bearing mice (n=4) were ad- 
ministered full-body PET/CT imaging with eith- 
er N-(2-[18F]Fluoropropionyl)-L-methionine (FP- 
MET), FDG, or 11C-methionine [30]. The tumor-
to-inflammation ratio of 11C-methionine was 
1.64; this was superior to the tumor-to-inflam-
mation ratio of 18F-FDG at 1.14, although the 
sample size were too small for a robust statisti-
cal analysis [30].

11C-methionine may be able to predict out-
comes in patients after carbon ion radiothera-
py (CIRT) [29]. Sixty-two patients with histologi-
cally-confirmed bone or soft tissue sarcomas 
which were inoperable or who had declined sur-
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gery, were imaged using 11C-methionine PET/CT 
before and up to one month following treatment 
with carbon ion radiotherapy (CIRT) [29]. Post 
treatment, 11C-methionine tumor-to-nontumor 
(T/N) ratio decreased from a mean of 4.58±2.57 
to 3.11±2.04 (P=0.00029) [29]. Pretreatment 
11C-methionine uptake was predictive of out-
come-patients with a pretreatment (T/N) ratio 
<6 demonstrated significantly higher 2-year 
survival when compared with patients with 
higher T/N ratios (69.4% vs. 32.3%, P=0.010). 
Posttreatment 11C-methionine uptake also had 
prognostic implications. Patients with a post-
treatment T/N ratio of less than 4.4 had better 
2-year survival than patients with higher T/N 
ratios (63.7% vs. 41.3%, P=0.012). A reduction 
in 11C-methionine T/N ratio of greater than 30% 
significantly improved 2-year survival (74.6% 
vs. 41.6%, P=0.049) [29]. The authors conclud-
ed that post-CIRT 11C-methionine PET predicted 
response to therapy and 2-year survival, better 
than tumor type, size, or stage [29]. However, a 
separate study found that pretreatment 18F-
FDG PET was superior to 11C-methionine for 
prediction of STS response to neoadjunctive 
therapy [31]. Nine patients with STS were 
imaged with 18F-FDG and 11C-methionine PET/
CT before and after neoadjuvant chemoradio-
therapy [31]. Using a cutoff of 45% SUVmax, 

18F-
FDG PET was able to distinguish between par-
tial and complete responders to therapy (com-
plete responders defined by the authors as 
91-100% tumor necrosis on histology post-ther-
apy) [31]. In contrast, it was not possible to dif-
ferentiate partial and complete responders 
using change in SUVmax with 11C-methionine 
[31].

N-(2-[18F]-fluoropropionyl)-L-methionine

18F-FPMET is an 18F-labeled radiolabeled amino 
acid with a half-life of 110 minutes [22] that 
has been used to measure tumor amino acid 
uptake. 18F-FPMET differs from 11C-methionine 
because it not incorporated into protein in 
S180 mouse fibrosarcoma models [30]. Me- 
thionine uptake is upregulated in sarcomas, 
therefore 18F-FPMET should preferentially be 
taken into tumor cells via sodium-dependent 
transporters as a result [29, 30]. Preliminary 
evidence indicates that 18F-FPMET PET has a 
comparable ability to distinguish tumor from 
inflammatory background as 11C-methionine 
PET [30]. Among mice with fibrosarcoma 
imaged with PET/CT using either 18F-FPMET or 

11C-methionine, 18F-FPMET demonstrated a 
tumor-to-inflammation ratio of 1.64 compared 
to 1.62 for 11C-methionine [30]. However, 
18F-FPMET has yet to be studied in the clinical 
setting, possibly because it is a measure of 
amino acid uptake rather than protein in- 
corporation.

Cis-4-[18F]-fluoro-L-proline

Cis-4-[18F]-Fluoro-L-proline (18F-FPro) is an 
amino acid analog. Sarcomas are mesenchy-
mal tumors, so they have been hypothesized to 
highly express collagen. Proline is a major com-
ponent of collagen; therefore sarcomas would 
be expected to demonstrate high levels of 
18F-FPro uptake and protein incorporation [32]. 
In vivo mouse models of osteosarcoma indi-
cate that cis-18F-FPro accumulates within 
osteosarcoma tumor cells [33]. Transplanted 
osteosarcoma tumors in mice demonstrated a 
maximum tumor cis-18F-FPro uptake of 11.9% 
injected dose per gram (ID/g) (n=7, sd=2.19) 
four hours after cis-18F-FPro infusion, whereas 
blood pool demonstrated an uptake of 2.86% 
ID/g (n=7, sd=0.29) [33]. High cis-18F-FPro 
uptake was also present in liver the (9.77% 
ID/g, sd=0.85), kidney (46.9% ID/g, sd=3.2), 
and pancreas (19.0% ID/g, sd=1.83) at the 
same time point [33]. Cis-18F-FPro uptake with-
in sarcomas largely reflected amino acid trans-
port rather than protein incorporation as only 
33±7% of cis-18F-FPro activity was protein-
bound after one hour [33]. Stoeffuls et al. 
imaged eight human patients with peripheral 
tumors, including one patient with Ewing sar-
coma, using cis-18F-FPro and 18F-FDG PET. Cis-
18F-FPro uptake in each tumor was significantly 
lower than the 18F-FDG SUV (1.7±0.6 vs. 
5.7±3.0, P=0.01), and the Ewing sarcoma 
lesion exhibited a similar level of uptake as the 
liver and therefore was only faintly visible using 
cis-18F-FPro [32].

L-[1-11C]-tyrosine

11C-tyrosine is a radiolabeled amino acid that  
is incorporated into protein by tumor cells and 
has a half-life of 20 minutes [34]. 11C-tyrosine 
has been investigated as a PET tracer to mea-
sure protein synthesis rate (PSR) in STS [5]. 
11C-tyrosine PET detects protein synthesis ra- 
ther than glucose metabolism. 11C-tyrosine PET 
in theory should distinguish local inflammation 
from viable sarcoma, because protein synthe-
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sis is relatively low in many inflammatory cells 
such as neutrophils when compared with  
sarcomas [5, 33, 35]. 11C-tyrosine should be 
able to identify proliferative tumors in highly 
metabolically-active tissues (such as brain) 
that use glucose by detecting protein synthe- 
sis [34]. Protein production increases throu- 
ghout the cell cycle, so elevated PSR in tumors 
may be indicative of tumor proliferation [5]. 
11C-tyrosine uptake is related to histopatholog-
ic measures of proliferation [5]. Twenty-one 
patients with untreated, histologically-diag-
nosed STS were imaged using 11C-tyrosine  
to estimate PSR [5]. Sarcoma tissue was har-
vested by incisional biopsy of viable tumor with-
in 8 weeks to assess histological grade, differ-
entiation, mitotic index, and Ki-67 expression 
(see Figure 3) [5]. No correlation was found 
between sarcoma grade and the maximum  
protein synthesis rate (PSRmax) or average  
protein synthesis rate (PSRave) values derived 
from 11C-tyrosine imaging, possibly because 
increased tumor necrosis, which increases his-
tologic grade, lowers the PSR [5]. However, 
there was a significant correlation between 
PSRave and mitoses (R=0.67, P<0.001), PSRave 

and Ki-67 proliferative index (R=0.54, P<0.05), 
PSRmax and mitoses (R=0.64, P<0.01), and 
PSRmax and Ki-67 proliferative index (R=0.54, 
P<0.05) [5].

11C-tyrosine has also been assessed as a mark-
er of tumor response to treatment. Van Ginkel 
et al. treated 12 patients with locally advanced, 
biopsy-proven STS with neoadjuvant rTNF-a 
and melphalan therapy using hyperthermic iso-
lated limb perfusion techniques [35]. Patients 
were imaged with 11C-tyrosine PET prior to limb 
perfusion, two weeks after completion of neo-
adjuvant treatment, and at 8 weeks post thera-
py and PSR was calculated [35]. There was no 
significant difference in pretreatment PSR in 
partial pathologic response patients (defined 
as viable tumor at resection) and complete 
response patients (defined as no viable tumor 
at resection) [35]. However, patients with com-
plete responses demonstrated significant 
decreases in PSR pretreatment at week 2 
(P<0.05) and at week 8 (P<0.05) posttreat-
ment, suggesting that PSR estimated from 
11C-tyrosine PET can assess response to thera-
py [35].

Figure 3. (A) “11C-tyrosine PET image of a sarcoma not otherwise specified with a relatively high PSR and (B) cor-
responding MIB-1 stained tissue section (400×) of the tumor showing a high number of proliferating cells. All dark 
nuclei express Ki-67 and have entered the cell cycle. (C) 11C-tyrosine PET image of a malignant schwannoma with a 
relatively low PSR and (D) corresponding MIB-1 stained tissue section (400×) showing a low number of proliferating 
cells”. Reprinted, with permission, from reference [5].
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O-(3-[18F]-fluoropropyl)-L-tyrosine

O-(3-[18F]-fluoropropyl-L-tyrosine (18F-FPT) is an- 
other 18F-labelled amino acid radiotracer which 
has been investigated for PET imaging of sar-
coma. Tang et al. demonstrated that 18F-FPT 
PET is able to detect tumor and to differentiate 
tumor from inflammation in a mouse model of 
fibrosarcoma [36]. Fifteen mice were inoculat-
ed with S18 fibrosarcoma, and fifteen mice 
were inoculated with Staphylococcus aureus 
as a model of inflammation [36]. Animals were 
imaged using 18F-FPT PET and 18F-FDG PET 
7-14 days after fibrosarcoma inoculation or 72 
hours after S. aureus inoculation [36]. 18F-FPT 

of oxygen (pO2) are the gold standard for mea-
suring tissue hypoxia; however, this technique 
is invasive and can only measure one region 
within a tumor [41]. Hypoxia imaging allows for 
non-invasive global measurement of sarcoma 
hypoxia [41].

18F-fluoromisonidazole (18F-FMISO) is a radiola-
beled nitroimidazole, which preferentially accu-
mulates in hypoxic cells [37]. In preclinical tri-
als, 18F-FMISO PET demonstrated superior 
tumor-to-inflammation ratios than 18F-FDG PET 
in a KHT-sarcoma-bearing and inflammation-
bearing mouse models [42]. Intratumor hypoxic 
volumes determined by 18F-FMISO PET are 

Figure 4. “18F-FDG and 18F-FMISO scans (with an attenuation scan for lo-
calization) of a grade 2 osteosarcoma of the right femur. The 18F-FMISO 
image shows pixels with a tissue to blood ratio ≥1.2 in color. The correla-
tion of 18F-FDG vs 18F-FMISO using pixel-by-pixel analysis was r=0.48 for 
the whole tumor”. Reprinted, with permission, from reference [47].

uptake is not increased by 
inflammation; there was no sig-
nificant difference in 18F-FPT 
uptake between the inflamma-
tory abscess and the contralat-
eral muscle in S. aureus-infect-
ed mice [36]. By contrast, the 
ratio of 18F-FDG uptake bet- 
ween inflammatory abscesses 
and contralateral muscle was 
4.0:1 (P<0.05) [36]. Fibrosa- 
rcoma tumors also demon-
strated significant 18F-FPT up- 
take; the differential uptake 
ratio (DUR) of fibrosarcoma  
tissue at 90 minutes was 
0.98±0.19, whereas the mean 
DUR of contralateral muscle in 
these animals was 0.34±0.10 
(P<0.05) [36].

Hypoxia pet radiotracers

Tumor hypoxia is an important 
factor in sarcoma prognosis 
because it is associated with 
poor response to radiotherapy 
[37, 38], higher local recur- 
rence rate, higher rate of devel-
oping pulmonary metastases 
and death [37, 39]. Hypoxia 
within sarcomas leads to acti-
vation of hypoxia-inducible fac-
tors that upregulate the path-
ways responsible for tumor 
angiogenesis and metastasis 
[40]. Eppendorf electrodes pl- 
aced directly into tissues to 
measure the partial pressure 
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highly correlated with hypoxic volume demon-
strated by pimonidazole-immunohistochemis-
try in rat models of rhabdomyosarcoma [43]. 
18F-FMISO PET has also been used to identify 
tumor hypoxia in spontaneous canine bone and 
soft tissue sarcomas (confirmed by Eppendorf 
needle electrode measurement of pO2) [44]. 
18F-FMISO PET imaging in human patients with 
sarcoma has been less promising. A trial of 18 
patients, including nine with STS, found no cor-
relation between 18F-FMISO PET tumor-to-mus-
cle ratios and Eppendorf pO2 measurements 
[45]. A separate study involving six patients 
with histologically-confirmed STS also found no 
correlation between 18F-FMISO PET tumor-to-
muscle ratio and Eppendorf measurements 
[46]. Although three tumors demonstrated 
extensive hypoxia in that study, only one dem-
onstrated accumulation of 18F-FMISO [46]. A 
third study of 19 patients with STS found no 
correlations between pretreatment 18F-FMISO 
PET-derived hypoxic volume and tumor size, 
grade, 18F-FDG PET SUVmax, or VEGF expression 
(see Figure 4) [47].

2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-18F-pe- 
ntafluoropropyl)-acetamide (18F-EF5) is a radio-
labeled hypoxia tracer with contains a 2-nitro-
imidazole moiety, permitting selective uptake 
in hypoxic cells [48]. Unlabeled EF5 has been 
well established as an immunohistochemical 
marker of hypoxia [48, 49], and it has been 
associated with the presence of mitoses and 
higher histologic grade in human patients with 
STS [49]. 18F-EF5 has been tested in humans 
and was determined to be safe with an accept-
able level of radiation exposure [50], and 18F-
EF5 PET has been validated for the assess-
ment of hypoxia in head and neck cancers [51]. 
This tracer has not yet been studied in human 
sarcomas, but 18F-EF5 PET detected hypoxia in 
one of two cats with histologically-confirmed 
fibrosarcomas [52].

18F-1-(5-fluoro-5-deoxy-α-D-arabinofuranosyl)-
2-nitroimidazole (18F-FAZA) is another radiola-
beled nitroimidazole derivative which may be 
used in place of 18F-FMISO. An advantage of 
18F-FAZA over 18F-FMISO is faster washout from 
tissues [53, 54]; however, the tradeoff is lower 
tracer uptake by tumors and a lower sensitivity 
of 18F-FAZA PET for the detection of hypoxic 
regions in rat carcinosarcoma models [54]. 
18F-FAZA PET accurately reflected tumor hypox-
ia in rat models of rhabdomyosarcoma. 

18F-FAZA PET tumor-to-blood ratios were strong-
ly correlated with pO2 as determined by 
Eppendorf oximetry (r=0.93) [55], and 18F-FAZA 
luminescent activity was also correlated with 
pimonidazole (a histological marker of hypoxia) 
fluorescence [53]. 18F-FAZA may be able to 
guide therapy decisions in the future. Mice with 
hypoxic sarcomas with higher tumor-to-blood 
ratios benefited from combined treatment of 
radiotherapy and nimorazole (a hypoxic radio-
sensitizer that generates free radicals to pro-
duce radiation damage), whereas this benefit 
was not seen in mice with less hypoxic sarco-
mas [56, 57]. 18F-FAZA PET can also guide deci-
sions about the use of carbogen breathing and 
dose escalation in radiotherapy in mouse mod-
els of rhabdomyosarcoma [41].

Discussion

Nucleoside analogs, amino acid analogs, and 
hypoxia PET tracers are currently undergoing 
evaluation in preclinical studies as potential 
complements to traditional 18F-FDG sarcoma 
imaging.

18F-labelled compounds are probably the most 
likely to be used in clinical practice in future 
because of the relatively long half-life of 18F. 18F-
FLT is likely the best radiotracer to evaluate 
DNA synthesis in sarcoma. 18F-FPT is probably 
the best radiotracer to study protein synthesis 
in sarcoma given the preclinical performance 
and relatively long half-life. All three hypoxia 
tracers have various merits. 18F-EF5 has the 
additional benefit of being able to be directly 
correlated with uptake from cold EF5. However, 
18F-EF5 synthesis is more complicated than 
that for 18F-FMISO. An advantage of 18F-FAZA 
over 18F-FMISO is faster washout from tissues 
however, this results in lower tracer uptake by 
tumors and a lower sensitivity of 18F-FAZA PET 
for the detection of hypoxic regions.

What we have learned is that there is signifi-
cant heterogeneity within and between sarco-
mas. DNA synthesis, measured using 11C-th- 
ymidine or 18F-FLT, showed significant differ-
ences between sarcomas; and the change in 
DNA synthesis after treatment could predict 
change in tumor size, necrosis and patient clini-
cal course. DNA synthesis was also correlated 
with sarcoma grade and mitotic index. However, 
DNA synthesis was not correlated with cellular 
proliferation measured by Ki-67 activity.
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In contrast, protein synthesis was not correlat-
ed with sarcoma grade. Protein synthesis was 
correlated with increased mitotic figures, and 
cellular proliferation measured by Ki-67 activi-
ty. Change in protein synthesis was also corre-
lated with response to therapy and predicted 
overall survival better than tumor size, grade or 
tumor stage. The previously published reports 
suggest that not all DNA synthesis results in 
protein synthesis; however, both DNA and pro-
tein synthesis were predictors of outcome in 
patients with sarcoma. It is unclear how strong-
ly protein synthesis is correlated with collagen 
synthesis. Collagen synthesis measured by cis-
18F-FPro uptake varied between sarcoma sub-
type with significant uptake in osteosarcoma 
and uptake similar to background in Ewing’s 
sarcoma.

Like protein synthesis, hypoxia was not corre-
lated with tumor grade, and was not correlated 
with tumor size, glycolysis or VEGF. This sug-
gests that hypoxia imaging provides informa-
tion about the tumor biology beyond that cap-
tured by 18F-FDG PET/CT. This also suggests 
that DNA synthesis seems independent of sar-
coma hypoxia. Hypoxia imaging has been limit-
ed, however, by poor correlation between 
18F-FMISO avidity and Eppendorf pO2 measure-
ments. 18F-FAZA and 18F-EF5 are promising new 
hypoxia radiotracers, and preclinical evidence 
has demonstrated correlation between EF5 
and FAZA deposition with histologic and 
Eppendorf measurements of hypoxia respec-
tively. The presence and extent of hypoxia 
imaging may allow clinicians to predict response 
to radiotherapy and thereby guide clinical deci-
sion making.

Radiolabeled nanoparticles may provide a new 
direction for investigation in sarcoma imaging. 
Nanoparticles are self-assembling inorganic 
compounds which can accumulate in tumors by 
passing through aberrant, more permeable 
blood vessels within tumors or by directly bind-
ing tumor targets [58]. Radiolabeled nanopar-
ticle PET has not been assessed in sarcoma; 
however, this technology has been investigated 
for tumor detection and for assessment of 
angiogenesis [59] and may provide clinically 
useful information about tumor perfusion.

The ability to quantitatively assess tumor DNA 
synthesis, tumor protein synthesis, and tumor 
hypoxia in vivo will help clinicians better under-

stand underlying sarcoma biology. Several of 
these tracers have shown already shown prom-
ise in the preclinical setting to predict sarcoma 
prognosis and response to therapy. These tar-
geted PET tracers have the potential to be 
increasingly used in the era of precision and 
personalized medicine. The use and develop-
ment of targeted therapies for sarcoma has 
been limited due to the rarity and heterogeneity 
of these tumors. These tumors are very hetero-
geneous and sometimes subject to sampling 
error from biopsies. Imaging tracers have the 
potential to transform clinical management, 
because imaging can provide global character-
ization of sarcomas and are not subject to sam-
pling error. The additional information from 
these novel tracers will better inform patient 
treatment and in the future ultimately improve 
patient outcomes.
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