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(S,S)-18F-FMeNER-D2 was recently developed as a radioligand
for the measurement of norepinephrine transporter imaging
with PET. In this study, a norepinephrine transporter was visual-
ized in the human brain using this radioligand with PET and quan-
tified by several methods. Methods: PET scans were performed
on 10 healthy men after intravenous injection of (S,S)-18F-
FMeNER-D2. Binding potential relative to nondisplaceable
binding (BPND) was quantified by the indirect kinetic, simplified
reference-tissue model (SRTM), multilinear reference-tissue
model (MRTM), and ratio methods. The indirect kinetic method
was used as the gold standard and was compared with the
SRTM method with scan times of 240 and 180 min, the MRTM
method with a scan time of 240 min, and the ratio method with
a time integration interval of 120–180 min. The caudate was
used as reference brain region. Results: Regional radioactivity
was highest in the thalamus and lowest in the caudate during
PET scanning. BPND values by the indirect kinetic method were
0.54 6 0.19 and 0.35 6 0.25 in the thalamus and locus coeruleus,
respectively. BPND values found by the SRTM, MRTM, and ratio
methods agreed with the values demonstrated by the indirect
kinetic method (r 5 0.81–0.92). Conclusion: The regional distri-
bution of (S,S)-18F-FMeNER-D2 in our study agreed with that
demonstrated by previous PET and postmortem studies of nor-
epinephrine transporter in the human brain. The ratio method
with a time integration interval of 120–180 min will be useful for
clinical research of psychiatric disorders for estimation of norepi-
nephrine transporter occupancy by antidepressants without re-
quiring arterial blood sampling and dynamic PET.
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Norepinephrine, one of the monoamine neurotransmit-
ters in the central nervous system, has been reported to be
related to several functions such as memory, cognition,
consciousness, and emotion and to play important roles in
psychiatric disorders (1–4). Norepinephrine transporter is
responsible for the reuptake of norepinephrine into presyn-
aptic nerves. Norepinephrine reuptake inhibitors are used for
the treatment of depression and attention deficit hyperactiv-
ity disorder (ADHD) (4–7). Thus, changes in norepinephrine
transporter functions in several psychiatric disorders can be
expected, but in vivo estimation has not been performed
because of a lack of suitable radioligands for norepinephrine
transporters.

(S,S)-18F-FMeNER-D2 has recently been developed as a
radioligand for the measurement of norepinephrine trans-
porter for PET (8). (S,S)-18F-FMeNER-D2 is a reboxetine
analog and has high affinity for norepinephrine transporter
and high selectivity from other monoamine transporters.
Tracer distribution and dosimetry of (S,S)-18F-FMeNER-D2

were reported in monkey (8,9) and human studies (10,11).
Another monkey study showed that (S,S)-18F-FMeNER-D2

binding decreased by the administration of atomoxetine, a
selective norepinephrine reuptake inhibitor (12). However,
quantitative analyses of (S,S)-18F-FMeNER-D2 bindings
using an arterial input function have not yet, to our knowl-
edge, been performed.

In this study, we aimed to quantify the norepinephrine
transporter bindings in the human brain using (S,S)-18F-
FMeNER-D2 with arterial blood sampling and also to vali-
date noninvasive methods for quantification without arterial
blood sampling.

MATERIALS AND METHODS

Subjects
Ten healthy men (age range, 21–26 y; mean 6 SD, 22.7 6

1.6 y) participated in this study. All subjects were free of any
somatic, neurologic, or psychiatric disorders, and they had no
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history of current or previous drug abuse. Written informed con-
sent was obtained from all subjects following a complete descrip-
tion of this study. The study was approved by the Ethics and
Radiation Safety Committee of the National Institute of Radio-
logic Sciences, Chiba, Japan.

PET Procedure
(S,S)-18F-FMeNER-D2 was synthesized by fluoromethylation of

nor-ethyl-reboxetine with 18F-bromofluoromethane-d2 as previ-
ously described (8). A PET scanner system (ECAT EXACT HR1;
CTI-Siemens) was used for all subjects, with a head holder used to
minimize head movement. A transmission scan for attenuation
correction was performed using a 68Ge–68Ga source. Dynamic PET
scans were performed after a 1-min intravenous slow bolus injection
of 353.4–382.7 MBq (mean 6 SD, 368.1 6 9.1 MBq) of (S,S)-18F-
FMeNER-D2. The specific radioactivity of (S,S)-18F-FMeNER-D2

was 144.8–390.2 GBq/mmol (312.8 6 76.2 GBq/mmol). Brain
radioactivities were measured from 0 to 90 min (1 min · 10, 2 min ·
15, and 5 min · 10), from 120 to 180 min (10 min · 6), and from 210
to 240 min (10 min · 3). MR images of the brain were acquired with
a 1.5-T MRI scanner (Gyroscan NT; Philips). T1-weighted images
were obtained at 1-mm slices.

Arterial Blood Sampling and Metabolite Analysis
To obtain the arterial input function, arterial blood samples

were taken manually 42 times during the PET scan. Each blood
sample was centrifuged to obtain plasma and blood cell fractions,
and the concentrations of radioactivity in whole blood and in
plasma were measured.

The percentage of unchanged (S,S)-18F-FMeNER-D2 in plasma
was determined by high-performance liquid chromatography in
22 of the blood samples. Acetonitrile was added to each plasma
sample, and samples were centrifuged. The supernatant was
subjected to high-performance liquid chromatography radiode-
tection analysis (column: XBridge Prep C18, mobile phase, 90%
acetonitrile/50 mM ammonium acetate 5 48/52; Waters). Plasma
input function was defined as radioactivity of plasma multiplied by
the percentage of unchanged radioligand.

Regions of Interest
All MR images were coregistered to the PET images using a

statistical parametric mapping system (SPM2; The Wellcome Trust

Centre for Neuroimaging, University College London). Regions of
interest were drawn manually on summed PET images, with
reference to coregistered MR images, and were defined for the
thalamus, locus coeruleus, hippocampus, anterior cingulate gyrus,
and caudate head. Regional radioactivity was calculated for each
frame, corrected for decay, and plotted versus time.

Kinetic Model of 18F-FMeNER-D2

To describe the kinetics of (S,S)-18F-FMeNER-D2 in the brain, the
3-compartment model with 4 first-order rate constants was used. The
3 compartments were defined as follows: CP was the radioactivity
concentration of unchanged radioligand in plasma (arterial input
function), CND was the radioactivity concentration of nondisplace-
able radioligand in the brain, including nonspecifically bound and
free radioligand, and CS was the radioactivity concentration of
radioligand specifically bound to transporters. The rate constants
K1 and k2 represent the influx and efflux rates, respectively, for
radioligand diffusion through the blood–brain barrier, and the rate
constants k3 and k4 are the radioligand transfers between the com-
partments for nondisplaceable and specifically bound radioligand,
respectively. This model can be described by the following equations:

dCNDðtÞ
dt

5 K1CPðtÞ 2 ðk21k3ÞCNDðtÞ1 k4CSðtÞ;

dCSðtÞ
dt

5 k3CNDðtÞ 2 k4CSðtÞ; and

CTðtÞ 5 CNDðtÞ1CSðtÞ:

CT(t) is the total radioactivity concentration in any brain region
measured by PET.

Calculation of (S,S)-18F-FMeNER-D2 Binding Potential
(S,S)-18F-FMeNER-D2 binding was quantified by the indirect

kinetic, simplified reference-tissue model (SRTM), multilinear
reference-tissue model (MRTM), and ratio methods. In these
methods, (S,S)-18F-FMeNER-D2 bindings were expressed as bind-
ing potentials relative to nondisplaceable binding (BPND) (13). We
used the caudate as the reference brain region because of its

FIGURE 1. Typical summed PET im-
ages of (S,S)-18F-FMeNER-D2 and T1-
weighted MR images. Upper panel shows
slice of caudate and thalamus, and lower
panel shows slice of locus coeruleus.
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negligible norepinephrine transporter density (14–16). Software
(PMOD; PMOD Technologies) was used for these analyses.

Indirect Kinetic Method
With the caudate as reference region, BPND can be expressed as:

BPND 5
VTðregionsÞ
VTðcaudateÞ

2 1;

where VT(regions) is the total distribution volume (5 [K1/k2][k3/k4 1

1]) of target regions and VT(caudate) is the total distribution volume
of the caudate. The K1, k2, k3, and k4 values were determined by
nonlinear least-squares curve fitting to the regional time–activity
curves. In this analysis, blood volume (Vb), which depends on the
first-pass extraction fraction of the tracer, was also estimated using
the radioactivity of whole blood to diminish the influence of the
tracer remaining in the blood. In this study, the indirect kinetic
method was used as the standard method (17).

SRTM Method
Assuming that both target and reference regions have the same

level of nondisplaceable binding, the SRTM method can be used
to describe time–activity data in the target region as follows (18):

CTðtÞ 5 R1CRðtÞ1 k2 2 R1
k2

11BPND

� �
CRðtÞ5exp

2 k2

11BPND
t

� �
;

where R1 is the ratio of K1/K19 (K1, influx rate constant for the
brain region; K19, influx rate constant for the reference region),
CR(t) is the radioactivity concentration in the reference region
(caudate), and 5 denotes the convolution integral. Using this
model, 3 parameters (R1, k2, and BPND) were estimated by a
nonlinear curve-fitting procedure. Scan data up to 180 or 240 min
were used.

MRTM Method
The MRTM method is one of the variations of the graphical

approaches (19). After a certain equilibrium time (t*), the follow-
ing multilinear regression is obtained:

CTðTÞ 5 2
VTðregionsÞ
VTðcaudateÞ

ZT

0

CRðtÞdt 1
1

b

ZT

0

CTðtÞdt

2
VTðregionsÞ

VTðcaudateÞk29b
CRðTÞ;

where k29 is the efflux rate constant for the reference region. In
this analysis, t* was determined so that the maximum error from
the regression within the linear segment would be 10% for each
time–activity curve. BPND for the MRTM method was calculated
using the same equation as described previously for the indirect
kinetic method (5 VT(regions)/VT(caudate) – 1). Scan data up to 240
min were used.

Ratio Method
In the ratio method, BPND can be expressed as:

BPND 5
AUCðregionsÞ
AUCðcaudateÞ

2 1;

where AUC(regions) is the area under the time–activity curve of the
target regions and AUC(caudate) is the area under the time–activity

curve of the caudate. The integration interval of 120–180 min was
used in this method.

Simulation Study
A simulation study was performed to estimate errors in BPND

calculated by the SRTM and ratio methods. Tissue time–activity
curves for the thalamus were generated using the 3-compartment
model. The rate constant values K1, k2, and k4 of the thalamus
were assumed to be 0.157, 0.037, and 0.016, respectively. The
value of k3 ranged from 0.019 to 0.039 in 6 steps. Tissue time–
activity curves for the caudate were also generated using the
3-compartment model, assuming that the rate constant values K1,
k2, k3, and k4 were 0.124, 0.032, 0.010, and 0.010, respectively.
These assumed values were taken from the results obtained by the
kinetic approach. The average of arterial input function for all

FIGURE 2. Typical time–activity curves of (S,S)-18F-FMeNER-
D2 in brain. Time–activity curves of all regions could be
described by 3-compartment model (3CM). Time–activity curve
of caudate could also be described by 2-compartment model
(2CM).

FIGURE 3. Average percentage of unchanged (S,S)-18F-
FMeNER-D2 in plasma. Bars indicate 1 SD.
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subjects was used to generate the time–activity curves. With these
generated time–activity curves, BPND values were calculated by
the SRTM (scan time of 240 min), MRTM, and ratio methods. The
calculated BPND values for the simulation study were compared
with those calculated by the indirect kinetic method.

RESULTS

Typical summed PET images of 3 time periods and
T1-weighted MR images are shown in Figure 1. Typical
time–activity curves in the brain showed that regional
radioactivity was highest in the thalamus and lowest in
the caudate (Fig. 2). Time–activity curves for all regions
could be described by the 3-compartment model. The time–
activity curve for the caudate could also be described by
the 2-compartment model. The average percentage of un-
changed (S,S)-18F-FMeNER-D2 in plasma was 84.4% 6

3.9% at 3 min, 35.1% 6 3.7% at 10 min, 10.0% 6 1.4%
at 90 min, 6.1% 6 1.3% at 180 min, and 4.5% 6 0.9% at
240 min (Fig. 3).

The blood volume, rate constants, nondisplaceable dis-
tribution volume (VND), and total distribution volume (VT)
for each brain region determined by the kinetic approach
using the 3-compartment model with arterial input function
are shown in Table 1. For the caudate, the 2-compartment
model without a specific binding compartment was also
applied. Akaike information criteria of the 3-compartment
model were lower than those of the 2-compartment model
(143 6 16 vs. 227 6 6, P , 0.0001; paired t statistics).

The BPND values of the thalamus calculated by all
methods are shown in Table 2. BPND values in the thalamus
by the MRTM method showed the best correlation with
those by the indirect kinetic method (r 5 0.92) (Fig. 4C).
The SRTM method with scan times of 180 and 240 min and
the ratio method also agreed with the BPND values by the
indirect kinetic method (r 5 0.81–0.91) (Figs. 4A, 4B, and
4D). However, BPND values in brain regions other than the
thalamus could not be estimated by the SRTM and MRTM
methods because of failed curve fitting, showing no con-

vergence. The BPND values of each brain region by the
indirect kinetic and ratio methods are shown in Table 3.
The correlation of BPND values in all target regions be-
tween the indirect kinetic and the ratio methods is shown in
Figure 5A. The Bland–Altman plot of BPND values by these
2 methods is shown in Figure 5B.

In the simulation study, estimated BPND values, com-
pared with assumed BPND values, by the SRTM (scan time
of 240 min), MRTM, and ratio methods were slightly
overestimated (Fig. 6).

DISCUSSION

After intravenous injection of (S,S)-18F-FMeNER-D2,
radioactivity was highest in the thalamus and lowest in the
caudate. BPND in the thalamus using the ratio method was
0.67 6 0.15, almost the same value as found in a previous
human PET study (10). The locus coeruleus showed rela-
tively high uptake, and the hippocampus and anterior
cingulate cortex showed relatively low uptake. This result
was in agreement with previous reports that the thalamus and
locus coeruleus showed high densities of norepinephrine
transporters (14–16,20). Previous autoradiographic studies
with human postmortem brains reported that norepinephrine
transporter density in the locus coeruleus was higher by
about 10 times than that in the thalamus (14,15). However,

TABLE 1
Data for Each Brain Region Determined by Kinetic Approach Using 3-Compartment Model with Arterial Input Function

Rate constant

Region Vb K1 (mL/mL/min) k2 (min21) k3 (min21) k4 (min21) VND VT

Thalamus 0.045 6 0.016 0.157 6 0.025 0.037 6 0.005 0.027 6 0.007 0.016 6 0.002 4.36 6 0.90 11.45 6 2.29
Locus coeruleus 0.032 6 0.008 0.154 6 0.026 0.040 6 0.009 0.020 6 0.008 0.013 6 0.004 4.06 6 1.01 9.89 6 1.78

Hippocampus 0.038 6 0.010 0.119 6 0.013 0.035 6 0.011 0.022 6 0.016 0.015 6 0.005 3.73 6 0.83 8.48 6 1.14

Anterior cingulate 0.053 6 0.011 0.144 6 0.019 0.032 6 0.005 0.010 6 0.005 0.012 6 0.004 4.61 6 1.04 8.33 6 1.70

Caudate
(3-compartment

model)

0.031 6 0.008 0.124 6 0.018 0.032 6 0.005 0.010 6 0.005 0.010 6 0.004 3.92 6 0.80 7.51 6 1.51

Caudate

(2-compartment
model)

0.045 6 0.010 0.109 6 0.017 0.019 6 0.001 5.77 6 0.98

Values are mean 6 SD. VND is defined as K1/k2 and VT as (K1/k2)(k3/k4 1 1).

TABLE 2
BPND Values in Thalamus by All Methods

Method BPND

Indirect kinetic 0.54 6 0.19

SRTM (240 min) 0.61 6 0.14
SRTM (180 min) 0.64 6 0.14

MRTM 0.61 6 0.14

Ratio 0.67 6 0.15

Values are mean 6 SD.
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previous and present PET studies reported almost the same
values between the locus coeruleus and thalamus (10,16).
One possible reason for the discrepancy was the partial-
volume effect due to the limited spatial resolution of the PET
scanner, the locus coeruleus being a very small structure.

In the current study, the indirect kinetic method with
arterial blood sampling was used as the standard method
(17). The BPND values in the thalamus by the other 3
methods—the SRTM with scan times of 240 and 180 min,
MRTM, and ratio methods—were in agreement with those
found by the indirect kinetic method. Although the indirect
kinetic method was considered the standard method, it
required a long PET time as well as arterial blood sampling,
an invasive procedure particularly unsuitable for patients
with psychiatric disorders. Because the ratio method does
not require long PET and arterial blood sampling, this
method would be preferable for clinical investigation. The
SRTM and MRTM methods can estimate only the thala-
mus, as curve fitting failed in other brain regions. The
MRTM2 method (19) may be able to estimate BPND in
regions other than thalamus; however, weighted k29 value
among brain regions could not be calculated in this tracer.
The possible reasons of failed curve fitting might be the
small differences of time–activity curves between target
and reference regions and the noise in time–activity curves.
The ratio method could reveal BPND values in brain regions
other than the thalamus. The BPND values by the ratio
method were in agreement with those by the indirect ki-
netic method for all brain regions (Fig. 5A). Although bias

was observed by the ratio method, this bias did not change
according to the BPND values (Fig. 5B). The ratio method
could estimate norepinephrine transporter binding in the
thalamus and also other brain regions.

The time–activity curves in the caudate were bet-
ter described by the 3-compartment model than the
2-compartment model. Similar results were reported for
several PET radioligands; the kinetics in the reference
region were also evaluated using the 3-compartment model
(17,21,22). The results could be explained if the caudate
contained specific binding for norepinephrine transporters.
However, previous autoradiographic studies showed that
the density of norepinephrine transporters in the caudate
was very low (14–16). Another possible explanation is that
the compartments of free and nonspecific binding could be
separated by the kinetic analysis. Moreover, spillover from

FIGURE 4. Correlation between BPND

values in thalamus estimated by indirect
kinetic method and SRTM method with
scan time of 240 min (A) or 180 min (B),
MRTM method (C), or ratio method (D).

TABLE 3
BPND Values for Each Brain Region by Indirect Kinetic

and Ratio Methods

Region Indirect kinetic method Ratio method

Thalamus 0.54 6 0.19 0.67 6 0.15
Locus coeruleus 0.35 6 0.25 0.42 6 0.13

Hippocampus 0.13 6 0.14 0.23 6 0.09

Anterior cingulate 0.13 6 0.16 0.15 6 0.09

Values are mean 6 SD.
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other brain regions to the caudate may affect the results
because the caudate is a small structure and is surrounded
by regions with specific binding.

In this study, we investigated norepinephrine transporter
binding in only limited regions. Other brain regions such as
the cerebral cortex and cerebellum are also considered to
possess norepinephrine neurons and norepinephrine trans-
porters (14–16). However, (S,S)-18F-FMeNER-D2 showed
that defluorination and uptake of 18F in the skull influenced
cerebral radioactivity (8). Although (S,S)-18F-FMeNER-D2

had reduced defluorination by the dideuteration, compared
with (S,S)-18F-FMeNER, estimation in the cerebral cortex
or cerebellum adjacent to the skull was considered difficult.

In this study, occupancy of norepinephrine transporter by
antidepressants was not evaluated. Previous animal studies
showed dose-dependent norepinephrine transporter occu-
pancy by atomoxetine (12). However, a human study using
[11C](S,S)-MRB reported no differences in occupancy be-
tween different doses of atomoxetine (16). Further, occu-
pancy studies in humans to estimate the clinical effects of
antidepressants, similar to occupancy studies for dopamine
D2 receptor and serotonin transporters (23,24), will be
needed.

In the simulation study, BPND values by the SRTM with a
scan time of 240 min, MRTM, and the ratio methods were
overestimated, compared with assumed BPND (Fig. 6).
Such overestimation was also observed in measured PET
data, especially in regions with low specific binding (Figs.
4A, 4C, and 4D). The degree of overestimation of BPND

was larger in measured data than that in the simulation,
especially in regions with low specific binding. Noise in
measured data might cause such discrepancy, and therefore
further studies using simulated data with added noise may
be required. Although linear correlation was observed in
BPND values between the ratio and indirect kinetic
methods, this overestimation may cause errors in the
calculation of occupancy by antidepressants. When base-
line BPND is 0.6, estimated occupancy by the ratio method
is 22%, 43%, and 65%, corresponding to the assumed
occupancy of 25%, 50%, and 75%, respectively (Fig. 6).

The SRTM and MRTM methods also showed the underes-
timation of occupancy, 21%, 43%, and 64% by the former
and 21%, 42%, and 63% by the latter.

CONCLUSION

(S,S)-18F-FMeNER-D2 is a suitable radioligand for PET
measurement of norepinephrine transporters in the human
brain. The 3-compartment model could well describe the
brain kinetics of (S,S)-18F-FMeNER-D2. Because the ratio
method does not require long PET imaging times and
arterial blood sampling, this method would be useful for
clinical research of psychiatric disorders.
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