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Abstract

[18F]SF51 is a novel radioligand for imaging translocator protein 18 kDa (TSPO) that previously displayed excellent

imaging properties in nonhuman primates. This study assessed its performance in human brain and its dosimetry. Seven

healthy participants underwent brain PET imaging to measure TSPO binding using a two-tissue compartment model

(2TCM) to calculate total distribution volume (VT). This cohort included two high-affinity binders (HABs), three mixed-

affinity binders (MABs), and two low-affinity binders (LABs). Two other participants received whole-body scans to assess

radiation exposure. Peak brain radioactivity reached a standardized uptake value (SUV) of 1.4 at 3 minutes post-

injection, diminishing to 30% of peak by 120 minutes. The average VT for all genotype groups was notably low

(<1mL�cm�3), emphasizing the radioligand’s poor binding in brain. [18F]SF51 remained sensitive to the TSPO polymor-

phism in vivo, as shown by a two-fold difference in VT between HABs and LABs. VT stabilization by 80 minutes post-

injection suggested minimal radiometabolite accumulation in brain. The average effective dose was 13.8� 0.9 mSv/MBq.

Contrary to previously published animal data, [18F]SF51 showed low binding to human TSPO, with uptake remaining

influenced by the rs6971 polymorphism. These findings highlight the challenges of developing TSPO radioligands and

underscore the significant species differences that may influence translational outcomes.
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Introduction

Translocator protein 18 kDa (TSPO) is present in var-
ious cell types in brain, including glial cells (such as
astrocytes and microglia) and endothelial cells, and is
a widely recognized marker for neuroinflammation.1–3

Positron emission tomography (PET) imaging target-
ing TSPO has become instrumental in identifying and
quantifying neuroinflammatory responses.4–7 Although
TSPO expression in rodents is closely linked to micro-
glial activation, recent human studies suggest that
TSPO PET imaging may reflect general inflammation
without specifying individual cell types.8,9 Although its
function remains only partially elucidated,10 TSPO
continues to hold significant potential for both

research and clinical management of neuroinflamma-
tory diseases.11

Our laboratory previously developed [11C]ER176,12

a radioligand with high specific binding and lack of
radiometabolites entering the brain.13 In a comparison
with other commonly used TSPO tracers, [11C]ER176
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had the most favorable imaging characteristics.14 In
particular, the high specific binding of [11C]ER176
allows the imaging of individuals with low-affinity
binding,13 as determined by the rs6971 TSPO polymor-
phism.15 Labeling with 11C, however, precludes its use
in centers without a cyclotron on site. In an effort to
create an 18F-labeled analog of [11C]ER176, our labo-
ratory tested [18F]SF51 in nonhuman primates and
found excellent imaging characteristics, including high
specific to background uptake (BPND¼ 7.6� 4.3) and
robust quantification with a two-tissue compartment
model (2TCM).16

The present study evaluated [18F]SF51’s ability to
quantify TSPO in healthy human brain. In particular,
the study sought to assess whether [18F]SF51, which
has a similar structure to [11C]ER176, was capable of
effectively imaging individuals with the three different
TSPO affinity profiles. Towards this end, the brains of
seven participants with high, mixed, and low affinity to
TSPO were imaged. Two additional participants were
enrolled to calculate radiation exposure.

Material and methods

Radiochemistry

Synthesis of [18F]SF51 was performed by a new radio-
fluorination procedure that will be described elsewhere.
The [18F]SF51 produced for this human study was ana-
lyzed with a battery of quality control procedures to
explore the full range of parameters necessary to pro-
ceed with the study under a US Food and Drug
Administration (FDA) Investigational New Drug
(IND) indication (e.g., radiochemical purity, chemical
purity, molar activity, stability, etc).

Participants

Nine healthy volunteers participated in the study and
were genotyped for the rs6971 TSPO polymorphism to
designate them according to their TSPO affinities for
second-generation radioligands. This cohort included
two high-affinity binders (HABs), five mixed-affinity
binders (MABs), and two low-affinity binders
(LABs). Seven of the participants underwent brain
PET scans; these included one male and one female
with HAB status, one male and one female with LAB
status, and two males and one female with MAB status
(45� 9 years). Two additional participants with MAB
status had whole-body PET scans to calculate dosime-
try (one female, one male, 42� 8 years). All partici-
pants underwent comprehensive medical and
psychiatric evaluations, including a medical history
review, physical examination, electrocardiogram, and

blood tests. The study was approved by the National
Institutes of Health (NIH) Combined Neurosciences
Institutional Review Board (protocol number:
000674; ClinicalTrials.gov identifier: NCT05564429),
in accordance with the Declaration of Helsinki. All
participants provided written informed consent prior
to enrollment in the study.

Brain scan procedures and processing

Each participant underwent a single PET scan, either
brain (n¼ 7) or whole body (n¼ 2). The scans were
performed with a Biograph mCT scanner (Siemens
Medical Solution, Cary, NC, USA). To correct for
attenuation, a preliminary low-dose CT scan was con-
ducted, followed by intravenous administration of
[18F]SF51. PET data were acquired over 120 minutes,
with simultaneous arterial blood sampling. Each par-
ticipant also underwent T1-weighted MR imaging on a
3T Philips Achieva (Bothell, WA, USA) for anatomical
reference. The PET and MRI data were then processed
using co-registration, segmentation, and atlas normal-
ization techniques.17

Radioligand and radiometabolite analysis in plasma

Plasma concentrations of unchanged [18F]SF51 were
measured at prescribed intervals from arterial blood sam-
ples using a previously defined standard method.18 Blood
samples were collected at 15-second intervals during the
first 3 minutes; at 5-minute intervals from 5 to 15
minutes; and at 15-minute intervals after 15 minutes, up
to 120 minutes. The concentration of parent radioligand
was measured in each plasma sample after separating it
from whole blood as previously described.18 The free
parent fraction in plasma (fP) was measured in triplicate
and normalized using an internal standard.19

Kinetic analysis

The total distribution volume (VT) was calculated using
2TCM based on brain time-activity curves and
radiometabolite-corrected arterial input function.
Brain PET data were analyzed using PMOD software
(PMOD Technologies Ltd., Zurich, Switzerland).

Whole-body biodistribution and radiation dosimetry

Radiation exposure was measured via whole-body PET
scans using OLINDA/EXM version 1.1 software, as
previously described.17

Statistical analysis

All statistical analyses were performed using GraphPad
Prism (version 5.02, GraphPad Software, Inc.,

2 Journal of Cerebral Blood Flow & Metabolism 0(0)



San Diego, California). Data from PET imaging and

blood input measurements are presented as mean�
standard deviation (SD). Differences in the fraction

of unchanged [18F]SF51 (fP values) among HABs,

MABs, and LABs were evaluated using one-way anal-

ysis of variance (ANOVA). A p-value of less than 0.05

was considered statistically significant.

Results

Injection parameters and pharmacological effects

[18F]SF51 preparations showed high radiochemical

purity (>99%) verified by radio high-performance

liquid chromatography (HPLC). No adverse or clini-

cally detectable pharmacological effects were reported

in any of the nine participants following [18F]SF51

administration. Details of the injected activity,

molar activity, and injected mass dose are provided in

Table 1. Vital signs and electrocardiogram readings did

not significantly change during the PET scan.

Arterial input function

Unchanged [18F]SF51 peaked around 2 minutes post-

administration. LABs demonstrated a peak SUV level

(16� 2, n¼ 2) similar to that of HABs and MABs, but

with a more gradual decline (Figure 1(a)). The fraction

of [18F]SF51 in arterial plasma, measured over time

using HPLC, is depicted in Figure 1(b). The plot

shows the proportion of the parent compound remain-

ing at various post-injection time points. Symbols and

error bars represent the mean and standard deviation

for HABs (n¼ 2), MABs (n¼ 3), and LABs (n¼ 2),

respectively. The mean fP value for LABs (1.66%�
0.7%, n¼ 2) did not significantly differ from that of

HABs (1.43%� 0.09%, n¼ 2) and MABs (1.98%�
0.28%, n¼ 3) (one-way ANOVA: p¼ 0.29). The

plasma radiochromatogram (Figure 1(c)) indicates the

presence of a radiochemical that was more lipophilic

than the parent compound. This radiometabolite,

which was present in the plasma of all participants,

had a peak percent composition of 5.6%� 1.5%

(n¼ 8) of the total plasma radioactive composition

Table 1. Demographic characteristics and PET scan parameters for nine healthy volunteers injected with [18F]SF51.

Volunteer demographics and

PET scan parameters

Whole-body Brain

MAB (n¼ 2) HAB (n¼ 2) MAB (n¼ 3) LAB (n¼ 2)

Male: Female (n) 1:1 1:1 2:1 1:1

Age (year) 42 (8) 43 (14) 45 (9) 47 (12)

Body weight (kg) 58 (3) 90 (24) 69 (7) 77 (1)

Injected activity (MBq) 135 (83) 191 (11) 188 (8) 190 (3)

Molar activity (MBq/nmol)a 70 (12) 76 (2) 76 (7) 78 (6)

Injected mass dose (nmol/kg) 0.032 (0.016) 0.029 (0.01) 0.033 (0.002) 0.032 (0.002)

MAB: mixed-affinity binder; HAB: high-affinity binder; LAB: low-affinity binder.
aMolar activity as reported at the time of injection; data are presented as mean values with SD in parentheses.

Figure 1. (a) Concentration of [18F]SF51 in arterial plasma was expressed as standardized uptake value (SUV). (b) Fraction of
[18F]SF51 in arterial plasma over time, measured using high-performance liquid chromatography (HPLC). This plot demonstrates
the proportion of parent compound remaining at different time points post-injection. Symbols and error bars represent mean and
standard deviation for high-affinity binders (HABs, n¼ 2), mixed-affinity binders (MABs, n¼ 3), and low-affinity binders (LABs, n¼ 2),
respectively. (c) Plasma radio-chromatograms at 120 minutes after injection of [18F]SF51. The presence of a radiometabolite (region 7)
more lipophilic than the parent compound (region 6), raises the possibility of radiometabolite brain penetration.
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and occurred at 37.5min� 16.1min (n¼ 8) post-

radioligand administration.

Brain distribution and kinetics of [18F]SF51

[18F]SF51 demonstrated rapid brain penetration, with

peak uptake at 3 to 5 minutes post-injection. All par-

ticipants showed a similar peak SUV of brain uptake

(1.48� 0.37), but LABs experienced a quicker wash-

out, suggesting lower radioligand retention in the

brain (Figure 2). Additionally, a low level of uptake

was noted in the skull (Figure 3), which was likely
attributable to the specific binding to bone marrow
rather than deposition of [18F]fluoride into bone from
defluorination, as discussed in a previous study.16

Quantification of [18F]SF51 binding in human brain

[18F]SF51 binding in various brain regions was quanti-
fied by measuring VT using 2TCM. The average VT in
the whole brain was only 0.64mL�cm�3 for HABs and
0.94mL�cm�3 for MABs and significantly lower for
LABs at 0.4mL�cm�3 (Supplementary Table S1). The
ratios of whole brain between affinity groups were: 0.69
for HAB/MAB, 1.62 for HAB/LAB, and 2.36 for
MAB/LAB (Supplementary Table S1).

VT - Time stability analysis

VT stability for [18F]SF51 is illustrated in Figure 4.
Values normalized to the 120-minute terminal VT

showed stability from 80 minutes post-injection for
all affinity groups.

Whole-body biodistribution and radiation dosimetry

Biodistribution and radiation dosimetry from whole-
body PET scans of two healthy participants are detailed
in Supplementary Figure S1 and Supplementary
Table S2. Organ residence times varied, with the urinary
bladder recording the highest residence times (0.0410�
0.0208 hours) and the gallbladder recording the lowest
(0.0020� 0.0022 hours). The small intestine and osteo-
genic cells received the highest radiation doses (22.8�
3.6mSv/MBq and 22.2� 4.5mSv/MBq, respectively),

Figure 2. Concentration of radioactivity in whole brain of
healthy participants was expressed as standardized uptake value
(SUV). Symbols and error bars represent mean and standard
deviation (high-affinity binder (HAB): n¼ 2; mixed-affinity binder
(MAB): n¼ 3; and low-affinity binder (LAB): n¼ 2), respectively.
The brain time-activity curves fitted well by visual inspection
using a two-tissue compartment model (2TCM).

Figure 3. Parametric images of total 18 kDa translocator protein (TSPO) binding (distribution volume (VT)) for [
18F]SF51 in human

brain. Each VT image was generated by Logan Plot using 0–120 minutes of PET data graphical analysis. The Logan plot analysis was
conducted with an open parameter fitting approach, allowing t* to be determined by the model fitting, thus optimizing for the
individual kinetic profiles observed.
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while the brain received a lower dose (5.4� 0.6mSv/
MBq). The effective dose for [18F]SF51 was calculated

at 13.8� 0.9mSv/MBq (Supplementary Table S3).

Discussion

This study highlights the limited utility of [18F]SF51

to quantify TSPO density in human brain, as indicated

by the low VT values across all affinity groups.

Specifically, VT values for HABs and MABs were

around 1mL�cm�3, significantly lower than those for

[11C]ER17613, reflecting [18F]SF51’s poor binding

capacity. The higher VT values in MABs compared to

HABs might be due to the small number of brain scan

participants (two HABs versus three MABs) or yet

another paradoxical effect of genotype on radioligand

binding to TSPO. The study was stopped after only

seven participants had a brain scan because the low

uptake in the brain was evident, making further recruit-

ment unnecessary.
The effective dose of [18F]SF51 was 13.8� 0.9 mSv/

MBq, which is in line with the dose delivered by other
18F-labeled radiotracers (average 20.6� 6.8 mSv/
MBq).20,21 However, comparing [18F]SF51 with other

TSPO tracers such as [11C]ER176 and [11C]DPA-713

reveals significant differences in performance. For

instance, VT values for HABs were 3.5mL � cm�3 for

[11C]ER17613 and 3.6mL � cm�3 for [11C]DPA-713.22 In

contrast, VT values for [18F]SF51 were around

1mL � cm�3 for both HABs and MABs, indicating sub-

stantially lower binding capacity.
The plasma radiochromatographic profile at

120 minutes raises concerns about potential radiome-

tabolites entering the brain (Figure 1(c)). However, VT

stabilized quickly, which implies both a low level of
specific binding for [18F]SF51 and minimal radiometa-
bolite accumulation in the brain. Regarding the possi-
bility of [18F]SF51’s radiometabolite accumulation, an
ex vivo analysis in a mouse was performed, as reported
in a previous study,16 which showed minimal brain
radiometabolites and no radio-peak associated with
the presence of brain 18F-fluoride. Furthermore, imag-
ing data showing no uptake of radioactivity in skeletal
bone of the mouse.

The mouse brain observations and the time-stability
in humans support the hypothesis that there was no
significant brain radiometabolite accumulation or
defluorination. A critical factor in the unexpected fail-
ure of [18F]SF51 in human trials may be attributable to
a lipophilic radiometabolite. This radiometabolite, con-
sistently observed at 5.6%� 1.5% in the plasma of all
human participants, was notably absent in non-human
primate studies. Despite the apparent stability of the
time-stability curve, the presence of this radiometabo-
lite could have significant implications for the radio-
ligand’s performance in humans. In contrast, all
the human arterial plasma samples from both the
[11C]PBR28 and [11C]ER176 studies lacked the lipo-
philic radiometabolite that appeared after the parent
ligand during reverse-phase separation, as demonstrated
by representative radiochromatograms (see Supplementary
Figure S2).

The lipophilic nature of this radiometabolite raises
concerns about its potential to cross the blood-brain
barrier, even in small quantities. If brain penetration
occurs, it could lead to two detrimental effects: 1) an
increase in nonspecific background signal, potentially
masking the true binding of [18F]SF51 to its target;
and 2) a reduction in the overall binding potential of
[18F]SF51, diminishing its efficacy as an imaging agent.
These factors, while subtle, could collectively contrib-
ute to the observed discrepancy between the promising
results observed in animal models and the suboptimal
performance in human participants. This finding
underscores the importance of comprehensive radiome-
tabolite analysis in translational research and high-
lights the need for caution when extrapolating results
from animal studies to human applications in PET
studies.

The low brain uptake in humans observed here was
a significant issue for [18F]SF51 and may be attribut-
able to two main factors. First is the low fP in humans
compared to monkeys. [18F]SF51 performed better in
monkeys (VT¼ 12mL�cm�3, VT/fP¼ 203mL�cm�3),16 a
stark between-species difference that could be due
to the higher fP in monkeys (6.4%� 0.7%)16 versus
humans (1.73%� 0.4%). In contrast, fP values in
humans (HABs) were 3.3%� 0.7% for [11C]ER17613

and 8.0%� 2.2% for [18F]DPA-71322. Low fP means

Figure 4. Time-stability analysis of regional total distribution
volume (VT) for [

18F]SF51. VT was estimated via two-tissue
compartment modeling and normalized to the terminal VT value
at 120 minutes. Symbols and error bars represent the mean
and SD (n¼ 3 for mixed-affinity binders (MABs); n¼ 2 for
high-affinity binders (HABs) and low-affinity binders (LABs)).
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that a greater proportion of the radioligand is bound to
plasma proteins, reducing the amount of free radioli-
gand available to cross the blood-brain barrier. When a
significant portion of the radioligand is bound to
plasma proteins, it cannot freely diffuse across the
blood-brain barrier, leading to lower brain uptake.
Examples include [11C]LY2428703, a PET radioligand
developed for mGluR1 quantification that, despite

promising in vitro and in vivo results in rodents, was
unsuitable for imaging mGluR1s in monkey or human
brain due to low brain uptake, likely caused by high
binding to plasma proteins.23,24 It should be noted that
while the fP of [18F]SF51 was low, it is comparable to
that of [11C]PBR28 (4.8%� 1.7%),25 which is recog-
nized as a valid radioligand. Notably, even radioli-
gands with a very low fP can yield good images if the
target receptor is expressed with sufficiently high den-
sity.26 Therefore, it is likely that other factors may have
contributed to the poor performance of [18F]SF51 in
humans.

A second potentially critical factor is binding
affinity. The in vitro binding affinity (Ki) values
were 5.09 nM for [18F]SF51 versus 1.5 nM for
[11C]ER176.27 However, the in vivo binding affinity
(BPND) values in monkeys were 7.6 for [18F]SF51
versus 8.9 for [11C]ER176. The lower in vivo binding
affinity for [18F]SF51 compared to [11C]ER176 could
be due to the higher nonspecific binding values
(VND/fP). For [18F]SF51 in monkeys, VND/fP was
27� 11mL � cm�3 16, approximately two-fold that for
[11C]ER176 (13.7 to 17.7mL � cm�3).27

A third potential factor could be the low penetration
of [18F]SF51 across the blood-brain barrier, which
might be the case if [18F]SF51 acts as a substrate for
efflux transporters, such as P-glycoprotein. Another
failed TSPO radioligand, [18F]GE180, showed poor
penetration of the blood-brain barrier, presumably
for the same reason.28,29 Despite these challenges, how-
ever, [18F]SF51 yielded much higher VT values and pro-
vided better 2TCM fitting than [18F]GE180.28

Skull uptake was noted in this study, consistent with
observations in non-human primate research where
skull uptake of [18F]SF51 was inhibited by either of
the TSPO ligands (PK11195 and PBR28).16 This phe-
nomenon was similarly reported in [11C]SF51 monkey
imaging studies.27 Furthermore, whole-body imaging
in this study revealed pronounced uptake in the pelvis

and spine but minimal uptake in other bone tissues,
suggesting that the uptake was more likely attributable
to specific binding in the bone marrow rather than the
deposition of [18F]fluoride ions into bone following
defluorination. A recent study found that TSPO
expression in the meninges and calvarial bone may

contribute to the skull uptake observed here, even in
healthy participants.30 Thus, our findings of [18F]SF51
binding in the skull may reflect intrinsic TSPO expres-
sion rather than solely defluorination processes.

Collectively, the data demonstrate that [18F]SF51 is
of limited utility for quantifying TSPO density in
human brain. The findings also serve to underscore
that even when radioligands achieve the necessary
parameters on paper, only in vivo characterization
can provide ultimate proof of the validity of a new
radioligand. Nevertheless, animal models are a useful
tool when screening for good candidates, even if per-
formance in animals, especially in rodents, may not
always predict performance in humans.

Conclusion

Our study highlights significant discrepancies between
the preclinical promise and clinical performance of
[18F]SF51 as a TSPO-targeted PET imaging agent.
Despite promising animal data, [18F]SF51 showed
low human TSPO binding and was influenced by the
rs6971 polymorphism. In addition, an unexpected
species-specific lipophilic radiometabolite in human
plasma, absent in non-human primate studies, likely
compromised its performance. These findings empha-
size the challenges of developing PET agents and
underscore the necessity of: 1) cautious extrapolation
from animal models to human outcomes; 2) thorough
human in vivo characterization, regardless of promising
animal results; and 3) detailed radiometabolite analysis
across species during development. Collectively, the
results from this study underscore the importance of
rigorous evaluation in developing reliable PET imaging
agents for human use as molecular imaging advances.
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