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Abstract

11b-Hydroxysteroid dehydrogenase type 1 (11b-HSD1) catalyzes enzymatic conversion of cortisone into the stress

hormone cortisol. This first-in-human brain imaging study characterizes the kinetic modeling and test–retest reprodu-

cibility of [18F]AS2471907, a novel PET radiotracer for 11b-HSD1. Eight individuals underwent one 180-min (n¼ 4) or

two 240-min (n¼ 4) [18F]AS2471907 PET brain scans (12 total) acquired on the high-resolution research tomograph

(HRRT) scanner with arterial blood sampling. Imaging data were modeled with 1-tissue (1T) and 2-tissue (2T) com-

partment models and with multilinear analysis (MA1) to estimate [18F]AS2471907 availability (VT). [18F]AS2471907

demonstrated high, heterogeneous uptake throughout the brain. Of the compartment models, 2T best described

[18F]AS2471907 data. Estimates of VT were highly correlated between 2T and MA1 (t*¼ 30 min) with MA1 yielding VT

values ranging from 3.2� 1.0 mL/cm3 in the caudate to 15.7� 4.2 mL/cm3 in the occipital cortex. The median absolute

test–retest variability of 16� 5% and high intraclass correlation coefficient (ICC) values of 0.67–0.97 across regions

indicate fair test–retest reliability but large intersubject variability. VT estimates using 180 min were within 10% of esti-

mates using full acquisition time. In summary, [18F]AS2471907 exhibits reasonable kinetic properties for imaging

11b-HSD1 in human brain.
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Introduction

Cortisol is a steroid hormone that binds to gluco-
corticoid and mineralocorticoid receptors (GR and
MR) throughout the body, affecting the regulation
of metabolism and blood pressure. In the brain, corti-
sol regulates a canonical neuroendocrine stress path-
way, the hypothalamic-pituitary-adrenal (HPA) axis.
Cortisol binding to GRs in the cortical and limbic
regions of the brain produces negative feedback onto
the HPA axis and suppresses downstream peripheral
cortisol release.1 Dysregulation of peripheral cortisol
levels has been observed in a number of conditions
including depression,2 post-traumatic stress disorder,3,4

and obesity.5,6
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11b-Hydroxysteroid dehydrogenase type 1
(11b-HSD1) is an intracellular enzyme that catalyzes
the interconversion of the steroid hormones cortisone
and cortisol. The enzyme’s bidirectional function in
vitro becomes unidirectional in the reductive environ-
ment generated by abundant NADPH in most intact
cells: in vivo, 11b-HSD1 primarily catalyzes the for-
ward conversion of cortisone into cortisol, while the
reverse direction is catalyzed by 11b-HSD2.7 Cortisol
produced in the adrenal cortex as an end product of
the steroidogenesis cascade is known to contribute to
cortisol in the brain.8 However, efflux of cortisol from
the brain mediated by p-glycoprotein suggests that an
additional brain-specific source of cortisol contributes
to brain glucocorticoid signaling.8 The exclusive expres-
sion of 11b-HSD1 in brain7 implicates it as an import-
ant brain-specific source of cortisol. This functionality
suggests a critical role of 11b-HSD1 in regulating
cortisol-mediated negative feedback onto the HPA
axis. Indeed, preclinical studies have reported enhanced
spatial memory and stress resilience in mice with
HSD11b1 gene deletion,9,10 and reduction in contextual
fear-conditioning with systemic administration of
an 11b-HSD1 inhibitor.11 These findings motivate
11b-HSD1 as a potential target for pharmacological
intervention in neuropsychiatric, metabolic, and
inflammatory conditions.12–14

PET radioligands with specificity for 11b-HSD1
would provide highly useful tools to study the gluco-
corticoid system in vivo. We previously reported
the development of [11C]AS2471907 (Figure 1), a radi-
olabeled inhibitor of 11b-HSD1, and characterization
of its kinetics in human brain.15 However, the radio-
chemical yield was low and inconsistent, as the desired
compound [11C]AS2471907 was produced as a minor
product in the radiosynthetic process due to the for-
mation of two undesired regio-isomers.15 Thus, our
group developed an F-18 analog, [18F]AS2471907
(Figure 1),16 with the goals of increasing the radiochem-
ical yield and improving the quantification properties
from higher counting statistics afforded by the longer-
lived fluorine-18 radiolabel. The aim of this work is to
describe the first in-human brain imaging with

[18F]AS2471907 PET and to characterize the optimal
imaging and kinetic modeling approaches for this
novel radiotracer.

Methods

Research participants

Eight healthy individuals participated in the study
(2 women, 6 men; age¼ 30.0� 4.1 years; BMI¼
25.8� 3.8). Written informed consent was obtained
from all participants after a complete explanation of
study procedures. All participants were evaluated with
medical and psychiatric histories, physical examination,
neurological and mental status exam, routine labora-
tory studies and electrocardiogram, and screened with
the Structured Clinical Interview for the DSM-IV or
DSM-5 to confirm no current medical or primary psy-
chiatric diagnoses. Participants were not currently
taking any medication, including psychoactive medica-
tion. All procedures were approved and overseen by the
Yale University Institutional Human Investigation
Committee and the Yale New Haven Hospital
Radiation Safety Committee, and in accordance with
Code of Federal Regulations Tile 45, Part 46 policy on
protection of human subjects in research.

Radiotracer synthesis

The novel radiotracer [18F]AS2471907 was prepared
according to previously published procedures.16

Image acquisition

Four participants underwent both a test and retest PET
scan one to two weeks apart from each other (1 woman,
3 men; age¼ 31.8� 5.6 years), and four had a single
PET scan (1 woman, 3 men; age¼ 28.3� 1.0 years).
Test and retest scans were 240min in length with a
30-min break at 120min, while single scans were
180min in length with a 30-min break at 90min.
Injection time was carefully controlled to be between
11:00 a.m. and 1:30 p.m. for all participants, to minim-
ize effects of possible variation in 11b-HSD1 availabil-
ity associated with known diurnal fluctuations in
cortisol.17 [18F]AS2471907 was injected in an antecubi-
tal vein of the dominant arm as a 1-min bolus using an
automated infusion pump (Harvard PHD 22/2000;
Harvard Apparatus, Holliston, MA, USA). PET data
were acquired in list-mode on the High-Resolution
Research Tomograph (HRRT; Siemens, Medical
Solutions, Knoxville, TN, USA). Head motion data
were acquired with a frequency of 20Hz with the
Polaris Vicra optical tracking system (NDI Systems,
Waterloo, Canada). List-mode data were reconstructed

Figure 1. Structure of PET radiotracers [11C]AS2471907 (with

* indicating the labeling positions of regioisomers) and

[18F]AS2471907.
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using the MOLAR algorithm18 into histogrammed time
bins (6� 0.5min, 3� 1min, 2� 2min, 5min to scan
end) with corrections for subject motion, attenuation,
scatter, randoms, and dead time.

Blood analysis

For each scan, an arterial line was placed in the radial
artery contralateral to radiotracer injection site for
blood sampling to measure radioactivity concentration
and radioactive metabolites in plasma. Plasma samples
were acquired every 10 s for 3min immediately follow-
ing radiotracer injection and then at 5, 10, 20, 30, 45,
60, 75, 90, 105, 120, 150, 180, 210, and 240min post-
injection. Whole blood and plasma radioactivity were
measured by cross-calibrated gamma counter (1480
Wizard, Perkin-Elmer, Waltham, MA, USA). Plasma
was obtained by centrifugation at 4�C at 2930g for
5min. Assayed radioactivity for each sample was
decay-corrected to time of radiotracer injection. The
plasma radioactivity curve was fit with a sum of expo-
nentials function.

Metabolite analysis was performed on plasma sam-
ples from 10, 30, 60, 90, 120, 180, and 240min using an
automated column-switching HPLC system.19 Flow
rate for the mobile phase (45% 50mM ammonium
acetate, 55% acetonitrile) was optimized to elute
parent [18F]AS2471907 off the analytical column
(Phenomenex Luna 5u Phenyl-Hexyl; 250� 4.6mm,
5 mm) between 10 and 12min. Fraction-collected
radioactivity corresponding to the parent peak was
integrated and normalized to total eluted radioactivity
to determine parent fraction. The parent fraction meas-
urements as a function of time were fitted with an
inverse gamma function.

Arterial input functions were calculated as the
product of plasma radioactivity concentration and
normalized parent fraction fitted curve. Free fraction
in plasma (fP) was measured in triplicate with ultrafil-
tration (Millipore Centrifree micropartition device
4104, Billerica, MA, USA) according to manufacturer
guidelines with 4mL of pre-injection arterial blood.
Values of fP were calculated as the ratio of radioactivity
in ultrafiltrate to total radioactivity in plasma.

Image processing

A high-resolution T1-weighted structural MRI was
acquired for each participant for co-registration of
PET to MR image. Structural MRI images were
acquired with a sagittal gradient-echo (MPRAGE)
sequence (Siemens 3.0T Prisma Fit; 176 sagittal slices,
thickness¼ 1mm, TR¼ 2530ms, TE¼ 2.26ms, flip
angle¼ 7�, FoV¼ 256mm, matrix size¼ 256� 256,
1� 1� 1mm3 voxels). A PET image summed from

0 to 10min was co-registered with a rigid-body trans-
form to the individual participant’s MRI, which was in
turn normalized with a nonlinear registration into
a template space (Montreal Neurological Institute).
All subsequent frames were aligned using rigid-body
transform to the co-registered 0–10min sum PET
image. Automatic anatomical labeling (AAL)-defined
regions of interests (ROIs) on MRI were transformed
and applied to PET images in PET space to determine
time–activity curves within ROIs.20 AAL-defined ROIs
were the amygdala, caudate, cerebellum, anterior cin-
gulum, frontal cortex, hippocampus, insula, occipital
cortex, parietal cortex, putamen, temporal cortex, thal-
amus (all with gray matter masking), and the centrum
semiovale, a white matter region, in addition to a whole
brain ROI.

Kinetic analysis

The primary outcome measure of kinetic analysis
was the [18F]AS2471907 volume of distribution (VT),
which is the ratio of radioactivity concentration in
tissue to that in plasma at equilibrium.21 A pharmaco-
kinetic modeling approach was used to estimate VT.
Standard 1-tissue (1T) and 2-tissue (2T) compartment
models22 were among the model configurations com-
pared to determine the optimal modeling approach.
Each compartment model featured either a fixed
blood volume fraction (FV) of 5% based on literature
values23 or an FV parameter estimated independently
for each region. A global time delay factor was incor-
porated to account for the difference in radiotracer arri-
val in arterial blood compared to brain tissue.24 Model
fits were compared both visually and statistically using
Akaike information criteria (AIC) as below, where N is
the number of fitted frames, SumSQ is the sum of the
squared residuals, and k is the number of model
parameters

AIC ¼ N� ln SumSQ=Nð Þ þ 2� k

For some 2T model fits, a large relative standard
error of estimate was observed for VT and other par-
ameters, indicating an unstable or non-converging
model fit. Therefore, multilinear analysis (MA1) with
t* of 15, 30, and 45min was also used to estimate VT.

25

Optimal t* time for MA1 was determined to be the t*
that provided the best combination of visual and
quantitative fit, as assessed by reduced chi-square esti-
mates, to regional TACs and test–retest reproducibility
of VT.

To determine optimal acquisition duration, time
stability of VT values was evaluated. For the eight
test–retest scans (240min long), VT was estimated
with 120, 150, 180, and 210min of acquisition data
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and normalized to VT estimated with full acquisition
duration of 240min. Sufficient acquisition duration
was determined as the shortest scan time at which
normalized VT values averaged across subjects were
90–110%. Inter-individual standard deviations of nor-
malized VT values were estimated for all regions.

Reproducibility of outcome parameter estimate VT

was evaluated by calculating test–retest variability
(TRV) and absolute TRV (aTRV) for four participants
as follows (parameters represented by X)

TRV ¼
Xtest � Xretest

1
2 ðXtest þ XretestÞ

� 100%

aTRV ¼
jXtest � Xretestj
1
2 ðXtest þ XretestÞ

� 100%

Reproducibility was also estimated by intraclass cor-
relation coefficient (ICC), which compares between-
subject variability, measured using between-subject
mean sum of squares (BSMSS), to within-subject vari-
ability, measured by within-subject mean sum of
squares (WSMSS) as in the equation below

ICC ¼
BSMSS�WSMSS

BSMSSþWSMSS

ICC values can range from �1 indicating no reliability
to 1 indicating perfect reliability.

To visually assess [18F]AS2471907 VT throughout
the brain, voxel-wise parametric VT images were gener-
ated by applying both the 1T model with an FV param-
eter fixed to 5% and MA1 with t*¼ 30min to 180min
of data smoothed with a 7mm Gaussian kernel.

The evaluation of standardized uptake value (SUV)
as a semi-quantitative imaging measure was assessed by
Pearson’s correlations of VT estimated by MA1
(t*¼ 30min) applied to 180min of data with SUV
values averaged across multiple 30-min periods of
imaging acquisition (six frames per 30-min period):
60–90min, 90–120min, 120–150min, 150–180min,
180–210min, and 210–240min.

Peripheral cortisol analysis

To examine whether inter-individual differences in
cortisol may be associated with [18F]AS2471907 VT,
concentration of plasma cortisol was measured on
scan day from blood samples taken 30–60min before
[18F]AS2471907 injection, and subsequently at 0, 30,
60, and 90min post-injection. From these measure-
ments, two cortisol indices were calculated across 0 to
90min time points: area under the curve (AUC)26

using average cortisol of two time-points multiplied
by the intervening time duration for all cortisol

sample times, and slope of cortisol change.27,28

Possible relationships of these cortisol indices with
whole-brain [18F]AS2471907 VT were evaluated using
Pearson’s correlations.

Results

Radiochemistry

[18F]AS2471907 was prepared in 8.3� 5.9% radiochem-
ical yield (decay-corrected) at the end of bombardment
(EOB) based on trapped radioactivity (n¼ 12).
Radiochemical and chemical purity was >99%, with
molar activity (Am) of 115� 67MBq/nmol at end of syn-
thesis. Total synthesis time was 85� 4min from EOB.

Injection parameters

Participants were administered [18F]AS2471907 as
an injected dose of 95� 14MBq and injected mass
of 0.73� 0.50mg across scans, with 97� 2MBq
and 0.92� 0.75mg for test and 101� 4MBq and
0.85� 0.29 mg for retest scans. No adverse or clinically
detectable pharmacologic effects were observed in any
of the participants, including no significant changes to
vital signs or heart rhythm, which were monitored
during and after the scan.

Blood analysis

The average fraction of parent radiotracer in plasma is
shown for all scans (Figure 2(a)). There were low levels
of radiolabeled metabolites. Parent fractions 240min
after radiotracer injection were 66� 21% (test, n¼ 4)
and 67� 7% (retest, n¼ 4), with no significant differ-
ence in parent fraction across time points between the
test and retest scans. Metabolite-corrected input func-
tions were in good agreement between test and retest
scans for all participants (Figure 2(b)). Free fraction of
the radiotracer in plasma (fp) was very low, ranging
from 0.47% to 0.68%.

Qualitative image analysis

Across subjects, [18F]AS2471907 injection resulted in
high uptake throughout the brain, with notably higher
uptake in gray matter compared to white matter regions.
SUV values peaked at 1.5–2.5 at around 20–30min in
regions of elevated uptake such as occipital cortex, par-
ietal cortex, cerebellum, and thalamus, while peaking at
1.0–1.5 during the first 5min in regions of moderate to
low uptake, such as caudate, anterior cingulum, and
hippocampus (Figure 3). This was followed by slow
decline over 240min, consistent with a gradual washout
of the radiotracer.
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Kinetic analysis

The optimal model configuration was a 2T model
including estimation of FV parameter. This model
was selected by virtue of lowest AIC values with good
visual fits in 85% of regions analyzed. Estimates
of FV ranged from 0.019� 0.006 in centrum semiovale
to 0.057� 0.020 in cerebellum, K1 ranged from
0.019� 0.006mL/min/cm3 in centrum semiovale to
0.066� 0.033mL/min/cm3 in occipital cortex, while
estimates of VT ranged from 3.2� 1.0mL/cm3 in cen-
trum semiovale and caudate to 15.9� 4.2mL/cm3 in
occipital cortex (all regions in Table 1).

Figure 3(a) shows 1T and 2T model fits to TACs
from a representative participant. Although 1T did

not describe the PET data as well as 2T, VT estimates
across regions agreed very well between the two
approaches (R2

¼0.984) (Supplementary Figure 1(a)
and (b)).

The 2T model with fitted FV in some cases produced
unstable fits to TACs. Thus, the MA1 approach was
also assessed (see Figure 3(b)). Using t*¼ 30min pro-
vided the best combination of high quality of quantita-
tive fit and test–retest reliability. The MA1 method
produced VT estimates comparable to those stably esti-
mated by 2T (Table 1) that were highly correlated
(R2
¼ 0.990; see Supplementary Figure 1(c) and (d)).
Truncation of acquired data revealed that VT values

estimated from 180min of data using MA1 resulted in
agreement within 5% of VT estimated from 240min of

(a) (b)

Figure 3. TACs and model fitting. (a) TACs from a representative participant’s scan show high uptake with subsequent washout. 2T

model (solid black line) had a superior visual fit compared to 1T (gray dotted line), particularly at early time points. (b) MA1 with

t*¼ 30 min (black dashed line) showing comparable fit to 2T.

(a) (b)

Figure 2. Radiotracer parent fraction and metabolite-corrected arterial input functions. (a) The parent fraction of [18F]AS2471907

measured in plasma. Data are mean� SD, with n¼ 12 except at 240-min (n¼ 8). (b) Test (blue solid bold) and retest (red dashed)

arterial input functions, with 95% confidence intervals shown for test (blue solid) and retest (red dotted lines), respectively. Data are

mean� SD with n¼ 12 for 0–180 min and n¼ 8 for 180–240 min.
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imaging data for all regions except the amygdala (10%
difference). Inter-individual standard deviation of time
stability was <10% in all regions except for amygdala
(18%) (Figure 4). Hence, 180min of imaging data were
used for subsequent characterization of test–retest
variability.

Table 2 lists test–retest reliability data for VT esti-
mated with MA1 for four test–retest participants.
Median absolute test–retest variability for MA1 was
16� 5% across regions of interest. Although the
within-subject variability was higher than desirable,
the ICC values were high, ranging from 0.67 to 0.97
for MA1 for all regions.

Voxel-wise parametric images of [18F]AS2471907
VT were generated with 1T due to noisy voxel-level
data with MA1 estimation and excellent agreement
in ROI-based VT estimation between 1T and 2T
(Supplementary Figure 1(a)). Voxel-wise VT estimates
showed regional patterns of availability similar to ROI-
based estimates of VT, and differences between test and
retest voxel-wise images were visually consistent with
TRV values observed for availability estimated by

Table 1. Values of FV, K1 (mL/min/cm3) for 2T and VT (mL/cm3) for 2T and MA1 models at 180 min

(n¼ 12, excluding unstable fits for 2T and corresponding fits for MA1).

2T MA1

Region FV� S.D. K1� S.D. VT� S.D. VT� S.D.

Amygdala 0.043� 0.010 0.027� 0.005 3.9� 1.6 3.7� 1.6

Anterior cingulum 0.056� 0.012 0.034� 0.010 4.0� 1.2 4.0� 1.1

Caudate 0.031� 0.016 0.045� 0.023 3.2� 1.0 3.2� 1.0

Centrum semiovale 0.019� 0.006 0.019� 0.006 3.2� 1.0 3.3� 1.0

Cerebellum 0.057� 0.020 0.057� 0.023 12.6� 5.5 12.5� 5.4

Frontal cortex 0.055� 0.014 0.048� 0.014 8.5� 2.2 8.5� 2.2

Hippocampus 0.047� 0.013 0.033� 0.014 3.8� 1.2 3.8� 1.2

Insula 0.045� 0.013 0.046� 0.019 5.8� 1.6 5.7� 1.6

Occipital cortex 0.055� 0.017 0.066� 0.033 15.9� 4.2 15.7� 4.2

Parietal cortex 0.053� 0.012 0.051� 0.014 11.8� 3.1 11.8� 2.9

Putamen 0.041� 0.014 0.056� 0.028 8.1� 3.2 8.0� 2.9

Temporal cortex 0.052� 0.011 0.046� 0.014 9.1� 3.5 8.7� 2.5

Thalamus 0.045� 0.009 0.050� 0.012 13.4� 5.6 13.1� 5.7

Table 2. Test–retest reliability of VT values estimated using

MA1 (n¼ 4).

MA1

Region TRV (%) aTRV (%) ICC

Amygdala 13.3 13.3 0.97

Anterior cingulum 3.7 17.9 0.88

Caudate �7.0 13.4 0.94

Centrum semiovale 2.1 17.2 0.87

Cerebellum �10.7 23.9 0.92

Frontal cortex 0.6 14.0 0.93

Hippocampus 1.3 16.2 0.93

insula 2.3 10.0 0.95

Occipital cortex 0.6 16.6 0.89

Parietal cortex 9.9 27.4 0.67

Putamen 4.2 12.7 0.97

Temporal cortex 4.3 15.6 0.89

Thalamus �2.9 23.4 0.88

ICC: intraclass correlation coefficient; TRV: test–retest variability.

Figure 4. Time stability of normalized VT values. Time stability

of MA1-estimated VT values was evaluated using VT estimated

from truncated scan length normalized to VT estimated from

240 min of imaging data. Mean percent normalized VT values

across scans (n¼ 8) are shown for representative brain regions.
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ROI-based modeling (representative participant in
Figure 5). Intra-regional heterogeneity was visibly
apparent in voxel-wise [18F]AS2471907 availability in
areas corresponding to larger atlas-defined ROIs such
as frontal cortex, parietal cortex, and cerebellum.

Average SUV values from 90 to 120min (R2
¼0.814),

120 to 150min (R2
¼0.836), and from 150 to 180min

(R2
¼0.851) were correlated with VT values estimated

with MA1 from 180min of data (Supplementary
Figure 2).

Peripheral cortisol analysis

No significant relationships were observed between
AUC of cortisol with whole-brain VT and slope of
cortisol decline (Supplementary Figure 3). Absolute
test–retest variability for AUC of cortisol was under
20% for all but one participant in whom this value
was 129%. The higher cortisol aTRV values did not
correspond to particularly high aTRV of VT in this
individual.

Discussion

Here, we described the first in-human brain imaging
evaluation of [18F]AS2471907, a PET radiotracer

targeting 11b-HSD1, in eight participants. A full kinetic
characterization and assessment of time stability and
test–retest reliability of primary outcome measures
was performed.

Radioactivity in blood cleared quickly after a sharp
increase in the first 5min. Evaluation of metabolites of
[18F]AS2471907 demonstrated high parent fractions of
approximately 70% after 240min across test–retest par-
ticipants. Radiometabolites were more polar than the
parent compound, and therefore unlikely to enter the
brain. The excellent time stability of VT estimates is
further consistent with negligible effects of brain-pene-
trant radiometabolites on the imaging data, as radio-
metabolites entering the brain could cause an apparent
increase in VT with longer scan lengths. The very low fP
values (�0.6%) make VT/fP an unsuitable outcome
measure for this radiotracer.

[18F]AS2471907 displayed highest radioactivity
uptake in thalamus, cerebellum, and cortical regions,
particularly occipital cortex. Moderate uptake was
seen in frontal, parietal, temporal cortices, and insula
as well as in putamen and midbrain regions. Lower
uptake was observed in most subcortical brain regions,
including limbic brain regions of amygdala and hippo-
campus, with very little uptake in white matter.
The higher uptake in later peaking regions compared

Figure 5. Parametric VT images for test and retest scans. A representative participant’s MRI (top) with co-registered test (middle)

and retest (bottom) VT images, where VT is estimated from 180 min of imaging data using 1T model with FV fixed to 5%, smoothed with

a 7mm Gaussian kernel.
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to striatal and limbic regions and white matter was simi-
lar to the distribution of [11C]AS2471907 in human.15

Regional [18F]AS2471907 VT values were well corre-
lated with regional 11b-HSD1 mRNA expression
from the Allen Human Brain Atlas15,29 (probes
1027298 and 1027299) in gray matter regions
(R2
¼0.676, p< 0.003, n¼ 12), with even stronger cor-

relation in cortical regions (R2
¼0.872, p< 0.02, n¼ 5).

Values of VT were low in hippocampus, which is
consistent with the approximately four-fold lower
11b-HSD1 enzyme activity in hippocampus relative to
cerebellum previously reported in humans.13 As
11b-HSD1 enzyme activity across other human brain
regions has not been reported, a current limitation of
this work is the inability to compare regional
[18F]AS2471907 VT values to 11b-HSD1 enzyme activ-
ity outside of hippocampus and cerebellum.

Analysis of time–activity curves with 1T and 2T
compartment models revealed that 2T with an esti-
mated vascular fraction (FV) best described radiotracer
behavior in gray matter regions. The importance
of modeling the vascular fraction is consistent with
the low K1 estimates of 0.02–0.07mL/min/cm3

(Table 1), indicative of a low extraction fraction for
[18F]AS2471907 likely due, at least in part, to the very
low fP. However, some 2T analyses did not converge or
resulted in implausible VT estimates, which prompted
implementation of MA1 to estimate VT. MA1 with
t*¼ 30min yielded VT estimates that were highly cor-
related with those of 2T. Based on the robust estima-
tion of VT by MA1 and computational efficiency, MA1
with t*¼ 30min is the recommended method for regio-
nal VT estimation of [18F]AS2471907 imaging data.

Regional heterogeneity in [18F]AS2471907 uptake
was visually apparent in late SUV images, motivating
the desire to create voxel-wise parametric images. These
images were generated with 1T, despite the additional
computational complexity, due to the excellent agree-
ment of regional VT estimates with estimates by 2T and
the improved robustness to noisy voxel data, particu-
larly for voxels with high VT,

30 relative to MA1 and
Logan graphical analyses.31 These voxel-wise paramet-
ric maps confirmed significant within-(atlas-defined)
region heterogeneity in VT (see Figure 5). For example,
the midline cerebellum, sensorimotor cortical areas,
and lateral thalamic areas consistently exhibited
higher [18F]AS2471907 availability than other areas
of their respective atlas-defined regions, echoing previ-
ously reported ‘patchy microdistribution’ of 11b-HSD1
expression and activity in rodent brain.32,33

Interestingly, these regions are known to have highest
expression of 11bHSD1 gene in rat brain, but in a het-
erogeneous pattern with particularly high expression in
Purkinje cells of cerebellum, and layer IV neurons of
parietal cortex and caudal areas of frontal cortex.32

This within-region heterogeneity may be an important
consideration for MRI atlas-based ROI approaches,
which implicitly average the uptake within regions.

Simplified quantification approaches were explored
to reduce the logistical complication of arterial
blood sampling. Blocking studies of [18F]AS2471907
in non-human primate16 and of the 11C-labeled
analog [11C]AS2471907 in humans demonstrated that
nearly all brain radioactivity uptake was specifically
bound,15 thus precluding the use of reference region
approaches for this target. SUV values were considered
as a candidate semi-quantitative approach for this
radiotracer owing to the excellent inter- and intra-
subject consistency of the arterial input function
(see Figure 2(b)) and near-complete blockade of
uptake in brain, indicating that the tissue curves repre-
sent nearly all specific signals. SUV values measured at
150–180min post-injection provided good agreement
with VT estimates (R2

¼0.851). Test–retest reliability
of SUV was also comparable to that of VT estimates,
with aTRV ranging from 11 to 18% for SUV averaged
over 90–120min, 12–19% for 120-150min, and
13–19% for 150–180min. However, tissue-to-plasma
activity ratios (TTP) at 150–180min across regions
were not as well correlated with VT with R2

¼ 0.706
(n¼ 12) and continued to increase throughout the ima-
ging period, indicating that transient equilibrium was
not yet achieved. Thus, while SUV provides a simplified
quantification approach, it remains susceptible to indi-
vidual differences in [18F]AS2471907 influx or clearance
and would therefore require careful validation in a
study population.

Quantification of [18F]AS2471907 VT exhibited
modest test–retest variability (aTRV) and good intra-
subject reliability (ICC) for MA1 method. The high
ICC values are explained by the large between-subject
variability, with regional coefficients of variation (CoV)
ranging from 25 to 43%. VT values were globally higher
on test than retest day for two male participants and
globally lower for the female participant, suggesting
that intra-individual variability in VT may be state
dependent. Although daily cortisol output and rate of
decline in afternoon cortisol have both been found
to be related to HPA axis dysregulation,27,28 plasma
cortisol levels did not appear to explain variability
in whole brain [18F]AS2471907 VT within or across
these subjects (Supplementary Figure 3). Exploratory
post-hoc analyses across all ROIs did not reveal
any regionally significant relationships. Moreover,
all scans were acquired at the same time of day to min-
imize the possibility of diurnal cortisol levels influen-
cing [18F]AS2471907 VT. Future work is required to
determine whether brain cortisol levels modulate
[18F]AS2471907 kinetics. Given the large between-sub-
ject variability which would limit statistical power to
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detect group differences, the extent to which between-
subject variability can be explained by biological
variables such as brain cortisol levels, BMI,34 or other
factors remains a critical outstanding question for
future use of this radiotracer.

[18F]AS2471907 was developed from the
[11C]AS2471907 compound, with the dual goals of
improved efficiency for routine production and
improved quantification from increased counting statis-
tics afforded by the 18F-label. The magnitude and
pattern of regional VT values were comparable between
both radiotracers. In addition, the large between-
subject variability (CoVs�30–40%) and modest test–
retest variability (<20%) were comparable between
both radiotracers.15 While fluorine-18 labeling of
AS2471907 provided only marginal improvement in
quantification properties over the carbon-11-labeled
version, the improved efficiency and reliability in the
radiosynthesis of [18F]AS2471907 yield important prac-
tical advantages for future use of [18F]AS2471907 to
image 11b-HSD1 in human brain.

In conclusion, [18F]AS2471907 exhibits suitable kin-
etic properties for quantification of 11b-HSD1 in human
brain. Based on the substantial between-subject variabil-
ity, this radiotracer may have limited statistical power to
detect between-group differences in 11b-HSD1 levels.
Future work is therefore needed to characterize whether
identifiable biological factors contribute to this variabil-
ity. Nonetheless, this radiotracer holds potential for
future study of 11b-HSD1 in neuropsychiatric, meta-
bolic, and inflammatory conditions.
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