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Abstract

Purpose (S,5)-['*FIFMeNER-D, is a recently developed
positron-emission tomography (PET) radioligand for in vivo
quantification of the norepinephrine transporter system. The
aim of this study was to provide dosimetry estimates for
(S,5)-["*F]FMeNER-D, based on human whole-body PET
measurements.

Methods PET scans were performed for a total of 6.4 h after
the injection of 168.9+31.5 MBq of (S,5)-['*F][FMeNER-D,
in four healthy male subjects. Volumes of interest were
drawn on the coronal images. Estimates of the absorbed dose
of radiation were calculated using the OLINDA software.
Results Uptake was largest in lungs, followed by liver,
bladder, brain and other organs. Peak values of the percent
injected dose (%ID) at a time after radioligand injection were
calculated for the lung (21.6%ID at 0.3 h), liver (5.1%ID at
0.3 h), bladder (12.2%ID at 6 h) and brain (2.3%ID at 0.3 h).
The largest absorbed dose was found in the urinary bladder
wall (0.039 mGy/MBq). The calculated effective dose was
0.017 mSv/MBgq.
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Conclusion Based on the distribution and dose estimates,
the estimated radiation burden of (S,5)-['*F]JFMeNER-D,
is lower than that of ['*FJFDG. The radioligand would allow
multiple PET examinations in the same research subject
per year.

Keywords Dosimetry - Norepinephrine transporter -
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Introduction

The neurotransmitter norepinephrine plays an important role
in the regulation of various brain functions, such as affective
states, learning and memory, endocrine and autonomic
functions. The norepinephrine transporter (NET) is respon-
sible for the reuptake of norepinephrine into the presynaptic
nerve terminals [1, 2]. NET plays an important physiolog-
ical role in the regulation of norepinephrine transmission.
Abnormalities in brain NET have been supposed to be
associated with a variety of neuropsychiatric diseases such
as mood disorder and attention deficit hyperactivity disorder
(ADHD) [3, 4]. A NE reuptake inhibitor reboxetine has been
observed to be as effective as imipramine and fluoxetine in
the treatment of depression [5, 6]. Recently, atomoxetine, a
selective norepinephrine reuptake inhibitor (K; value 5 nM),
has been found to be effective for the treatment of ADHD
[7-9]. For these reasons, the in vivo imaging of the regional
distribution of NET in the human brain has become a
research topic of high importance and priority.

The measurement of regional NET levels in the living
human brain has been hampered by the lack of suitable
positron-emission tomography (PET) radioligands for NET.
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"C-labelled O-methyl reboxetine analogue, (S.S)-[''C]
MeNER has shown specific binding to NET [10]. However,
specific binding to NET did not reach maximal values during
the PET scanning session of 93 min (a period stipulated by
the 20-min half-time of carbon-11), and the radioligand
showed somewhat noisy signal at later time points [10].

Recently, the preparation and evaluation of two novel
radiofluorinated analogues of (S,S)-[''C]MeNER have been
reported [11]. PET examination revealed skull-bound radio-
activity, contaminating images of the brain and indicating
fast defluorination of the radioligand. This defluorination
was reduced by the addition of a di-deuterated analogue in
PET experiments with (S,5)-['"*F]JFMeNER-D,. The use
of the latter compound has demonstrated that the in vivo
defluorination rate of aryl fluoromethoxy compounds can
be reduced through the deuterium isotope effect. (S,S)-
FMeNER-D, was found to be almost equipotent to (S,S)-
MeNER (K;=3.1 vs 2.5 nM at NET) [11].The di-deutero
radioligand (S,S)-['*FJFMeNER-D, was therefore used in
the present study. This radioligand has a lower dose exposure
to the bone marrow and is supposed to be superior to
(S.5)-[""C]MeNER given that a specific binding peak equi-
librium is reached during the PET experiment at a lower
noise level [12].

Radiation dosimetry estimates based on whole-body dis-
tribution of activity in monkeys [13] were recently reported
for (S,5)-['*F]JFMeNER-D,. Because of likely species differ-
ences [14], the present study was performed with whole-body
PET on healthy human subjects to estimate the associated
radiation-absorbed doses.

Materials and methods
Radiochemistry

(S,5)-["*F]FMeNER-D, was prepared as described in detail
elsewhere [11]. The precursor and standard of FMeNER-D,
were supplied by Eli Lilly, Indianapolis, IN, USA. Other
chemicals were obtained from commercial sources and
were of analytical grade. Radiochemical purity was higher
than 99%. The specific radioactivity was higher than 176 x

10* GBg/mmol, and the mass injected was less than 0.4 pg.

Subjects

The study was approved by the Ethics and the Radiation
Safety Committees of the Karolinska Hospital. Four male
subjects (mean+SD, 25.0+5.9 years) participated after
giving informed consent. The study was conducted in line
with the Helsinki Declaration and the relevant guidelines of
the Karolinska Institute. All subjects were healthy according
to medical history, psychiatric interview, physical exam-

ination, blood and urine analysis. They did not use any
medication 14 days before PET scans, and they were all
nonsmokers.

PET data acquisition

Whole-body dosimetry scans were acquired on a Siemens
ECAT EXACT 921 PET system, which was run in 2D mode.
The transmission scans were acquired using three rotating
solid ®*Ge rod sources. The ECAT EXACT 921 field of view
(FOV) covers 10.8 cm in axial direction and has a patient
port of 56.2 cm. The transaxial spatial resolution varies from
6.0 mm full-width at half-maximum (FWHM) in the center
of FOV to 6.3 mm FWHM at 10 cm off-center. The PET
system was calibrated using a known “*Ge solid cylinder
source with a diameter of 20 cm. The calibration interval is
dependant on the result of the daily quality control (DQC),
which was performed using three rotating solid **Ge sources.
The DQC compares the current status of the detectors with
the status at the time of the last normalisation and cal-
ibration. Each normalisation was directly followed by a new
calibration.

The dosimetry scan protocol was divided into four
acquisition stages. The first acquisition stage covered 16
bed positions, approximately 156 cm from head to mid-thigh,
while the other acquisition stages covered 12 bed positions,
approximately 118 cm. After an intravenous administration
of 168.9+31.5 MBq of (S.5)-['*F]JFMeNER-D,, the first
acquisition stage was performed using 1-min transmission
frames and 2-min emission frames, followed by a 60-min
pause. The second acquisition stage was also performed
using 1-min transmission frames and 2-min emission frames,
although followed by an 80-min pause. The third stage was
acquired through I-min transmission frames and 3-min
emission frames, followed by a 40-min pause. The last
acquisition stage was performed using 1-min transmission
frames and 4-min emission frames. Including scan times,
pauses and approximately 17 min for bed movement, the
total serial acquisition scan time was 6.4 h.

Data analysis

Brain, heart, liver, kidney, urinary bladder, bone marrow of
lumbar vertebra and thyroid were well identified on the first
scan images as shown in Fig. 1. Volumes of interest (VOIs)
were drawn on the coronal slices of the first scan images
with the reference to horizontal and sagittal slices. In the
latter three scans, all VOIs except bladder and brain were
moved on the same coronal slices to fit the uptake images.
VOIs of bladder were drawn flexibly for each scan because
the sizes and shapes were changed in scans. VOIs of brain
were moved in three dimensions to fit for the latter three
scans. An estimate of 9.79% of the active bone marrow in
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Fig. 1 An example of VOIs for brain, heart, liver, kidney, urinary
bladder, bone marrow (lumber vertebra) and thyroid. VOIs were
drawn on coronal slices

adults is in the lumbar region of the spine [15]. Thus, the
total marrow uptake at any given time was taken as the
value from the volume of interest divided by the lumbar
fractional distribution value (9.79%).

Radioactivity in VOIs was multiplied by volume of VOIs
to get total radioactivity in each source organ.

Residence time calculations

Determining residence times for the source organs requires
determining the area under the source organ time-activity
curve. Radioactivity in each source organ was expressed as
a percentage of the injected dose (%ID) and plotted against
time. The time—activity curves, describing the percentage of
the injected activity in each source organ as a function of
time post-injection, were mathematically simulated. Mono-
exponential functions (Eq. 1) were iteratively fit to each
source organ’s decay-corrected time activity curve using a
nonlinear least-squares regression algorithm (SAAM II v
1.2 software; Seattle, USA).

A(t) =a; xexp (=1, x 1), (1)

where a; is the fractional uptake, and A; is its associated
biological removal rate (per hour). The residence time, 7, is
obtained by analytically integrating the curve-fit equation,
A(f) from =0 to infinity, after multiplying each term by
the physical decay term [i.e. exp(—A;x?)]. The effective
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removal rate is the sum of the biological removal rate and
the physical decay rate for the nuclide.

For the bone marrow, the decay-corrected lumbar reten-
tion values increased from first scan to fourth scan. As such,
mono-exponential clearance is not an appropriate mathemat-
ical model. To obtain the bone marrow residence times, the
trapezoid rule for determining the area under a curve was
applied to the non-decay-corrected bone marrow data. In
addition, it was assumed that the activity in the marrow at 6 h
was cleared only by radioactive decay. The urinary voiding
was done between second and third scans for all subjects.
One subject also went to void urinary bladder between third
and fourth scans. Therefore, the urine activity assumed to be
produced at the third scan was the total amount seen at
second scan plus the urine at third scan. Similarly, for urine
production at fourth scan, the total was the second scan value
plus fourth scan value. For the one subject, the total amount
of urine activity at fourth scan was considered to be the sum
of radioactivity at second, third and fourth scans.

Because the length of the images was different between
the first images and the last three images, the estimate for
total body retention was derived from the urine accumula-
tion estimates. To obtain an estimate of total body retention,
the total body time-activity curves was constructed as
100% of the activity minus the urinary excreted activity.
This curve was fit to a mono-exponential function, which
was integrated to calculate the total body residence time.
The urinary bladder contents’ residence time was calculated
using Cloutier’s dynamic bladder model [16, 17] with
voiding intervals of 2.4 and 4.0 h. The remainder of the
body residence time was calculated as the corrected total
body residence time minus all other residence times, except
urinary bladder.

Absorbed dose calculations

The OLINDA software was used to estimate the absorbed
doses [18]. Radiation doses were computed for each subject
using 2.4-h and 4.0-h bladder voiding intervals. The adult
male anthropomorphic model was used to calculate
radiation doses for reference adult males using each
subject’s data. The OLINDA software has a complete series
of dosimetry phantoms corresponding to different age
“reference human” bodies.

Results
Biodistribution
On the whole body emission images of first scan, lungs,

liver, brain, kidneys, urinary bladder, heart, lumber vertebra
and thyroid were visually identified as organs with
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moderate to high activity (Fig. 2). Non-decay-corrected
percentages of injected dose to each organ were plotted
against time (Fig. 3a and b). The peak values of the percent
injected dose to the lungs, liver, brain, kidneys, heart, bone
marrow and thyroid were 21.6, 5.1, 2.3, 1.0, 0.6, 0.4 and
0.06% at peak times 0.3 h. After urine voiding correction,
decay-corrected percentage of urinary bladder was 12.2% at
peak time 6.0 h (Fig. 4).

Radiation-absorbed dose estimates

Table 1 summarises residence times calculated from whole
body images of four subjects. The mean residence time of
bone marrow was longest (0.162 h), which was followed by
that of lung (0.147 h). In radiation-absorbed dose estimates
calculated based on the residence time with 2.4-h urine
voiding intervals, the radiation dose of the urinary bladder
wall was the highest (0.039 mGy/MBq). The mean effective
dose was 0.017 mSv/MBq (Table 2). When 4.0-h urine
voiding interval was applied, the mean residence time of
urinary bladder was changed from 0.057 to 0.085 h. The
radiation dose of the urinary bladder wall was changed from
0.039 to 0.052 mGy/MBq (34% increase). The mean effective
dose was changed to 0.018 mSv/MBq (4.9% increase).

Discussion

The present study estimated the dosimetry of (S.5)-['*F]
FMeNER-D, based on whole-body PET in human subjects.
Highest uptake organ was lungs, followed by liver and brain
at peak time. The mean effective dose was 0.017 mSv/MBq.

The effective dose estimated from this study was almost
half of that estimated with monkey dosimetry study

Fig. 2 Typical whole-body
images demonstrating biodistri-
bution of (S,S)-['*F]FMeNER-D,
in a healthy subject at 0.3, 2.1,
4.3 and 6.0 h after radioligand
injection

03h

(0.033 mSv/MBq) [13]. There were several differences to
consider between two studies.

First of all, species differences should be considered.
There could be some differences in the biodistribution between
two species. The metabolism of (S,5)-['*F]JFMeNER-D,
might be different between monkey and human as reported
for other radioligands [19, 20]. The route of elimination
seemed mainly the renal system in both human (12%ID at
6 h) and monkey (23%ID at 4.2 h).

Secondly, differences in methodology should be taken
into consideration. Human PET scans were performed four
times with intervals (6.4 h), whilst the monkey studies were
done with one continual epoch for approximately 4.5 h. Due
to ethical considerations, one continuous 4.5-h or longer
human PET scan was avoided. No dynamic scans were
obtained in this study because we preferred static emission
scans with longer scan times, consequently, of better image
quality, at each time point. The limited number of the time
points might result in undersampling of the rapid changes
expected in the distribution, which might have effects on
residence times.

There were differences of the ways to delineate the regions
of interest (ROIs). In this study, we delineated ROIs slice by
slice, whilst in the previous monkey study, ROIs were
delineated on one “compressed” planar image. A single
generous-sized ROI was drawn on each organ in the monkey
study. The results with the planar images were reported to be
comparable to that of tomographic images with [''C]DASB,
but with a slight overestimation (i.e. conservative calculation)
of organ radiation burden [21]. However, that single generous
ROI was drawn which included all activity in the organ and
overlying tissue as well and some amount from adjacent
regions. Because the lung uptake was high with (S,8)-['*F]
FMeNER-D,, the apparent uptake might be increased in the
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Fig. 3 Mean organ uptake over time without decay correction expressed
as a percentage of injected dose (%ID) of (S,S)-['*FIFMeNER-D,.
a Lung; b liver, brain, kidney, heart, bone marrow and thyroid

surrounding regions such as liver, heart and kidney. The
defluorination of (S,S)-['*F]JFMeNER-D, would show high
uptake in the bone in later time. The tissues such as liver, heart
and kidney might be overlaid with the spinal column in the
planar images, and the apparent uptake might be increased
especially in the late phase, resulting in the prolonging of the
residence time. The methodological differences of ROI
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Fig. 4 Mean time activity curve of bladder uptake for (S,8)-['°F]
FMeNER-D,. Bar indicates 1 SD. The data were corrected for
radioactive decay. The curve overlying the measured data points
represents a mono-exponential fitting
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Table 1 Residence times calculated from human biodistribution data

Source organ Residence time (h)

Brain 0.048+0.010
Heart 0.007+0.001
Kidney 0.014+0.004
Liver 0.040+0.011
Lung 0.147+0.023
Bone marrow 0.162+0.018
Thyroid 0.0009+0.0002
Urinary bladder 0.057+0.016
Total body 2.49+0.047
Remainder 2.07+0.056

Values are means=SDs for four subjects.

delineations would show a large difference of the estimated
effective doses when applied with '*F radioligands.

The software for the estimation of the effective doses
was different between them. The OLINDA software was
used to estimate the residence time and radiation doses in
this study [18]. The software was created as a replacement
for the widely used MIRDOSE3.1 code [22], which was
used for the monkey dosimetry study. The OLINDA/EXM
1.0 code is the first computer program to receive approval

Table 2 Radiation dose estimates for (S,5)-['*F]-FMeNER-D,

Target organ mGy/MBq rad/mCi

Urinary bladder wall 0.039+0.007 0.143+0.027
Lungs 0.031+0.004 0.113+0.014
Osteogenic cells 0.023+0.001 0.084+0.002
Red marrow 0.022+0.001 0.080+0.004
Uterus 0.015+0.000 0.054+0.001
Kidneys 0.015+0.002 0.057+0.009
Ovaries 0.014+0.000 0.052+0.000
LLI wall 0.014+0.000 0.050+0.000
Thyroid 0.014+0.002 0.050+0.007
Small intestine 0.013+0.000 0.049+0.001
Pancreas 0.013+0.000 0.049+0.001
Adrenals 0.013+0.000 0.049+0.001
ULI wall 0.013+0.000 0.048+0.001
Gallbladder wall 0.013+0.000 0.047+0.001
Stomach wall 0.012+0.000 0.046+0.001
Spleen 0.012+0.000 0.045+0.001
Total body 0.012+0.000 0.043+0.000
Thymus 0.012+0.000 0.043+0.001
Heart wall 0.012+0.000 0.043+0.002
Muscle 0.011+0.000 0.040+0.001
Testes 0.011£0.000 0.040+0.000
Brain 0.011£0.002 0.039+0.006
Liver 0.010+0.001 0.038+0.005
Breasts 0.009+0.000 0.035+0.001
Skin 0.008+0.000 0.031+0.001

mSv/MBq rem/mCi

Effective dose equivalent 0.018+0.001 0.067+0.003
Effective dose 0.017+0.001 0.062+0.002

A 2.4-h urine voiding interval was assumed.
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from the FDA to be distributed after 510(k) premarket noti-
fication. Agreement of doses between the MIRDOSE3.1 and
OLINDA/EXM codes was reported to be good within 1-2%
[18]. It does not seem that the difference of the software
would explain such difference between the two results from
the monkey and human study. The lung uptake of (S,S)-
['®F]FMeNER-D, was high as reported with other mono-
amine transporter radioligands such as [''C]McN5652 and
["'CIDASB [20, 23]. Although the lung has binding sites
for 5-HT transporter [24], (S,5)-['*F]FMeNER-D, has quite
low affinity to 5-HT transporter [11]. A possible mechanism
of the lung accumulation is non-specific uptake of amine by
the macrophages in the lungs [24]. Another developed NET
radioligand, [''C]JMRB, was reported to have lung uptake,
but no inhibition of lung uptake by SNRI [25]. This indicates
that the lung uptake of (S.5)-['*FIFMeNER-D, might be
mainly non-specific.

The effective dose estimated in this study was comparable
to the other ['*F]-labelled radioligands such as ['*F]FDG
(0.019-0.024 mSv/MBq) [26, 27], ['*F]FPCIT (0.012 mSv/
MBq) [28], ['*FJFECNT (0.0158 mSv/MBq) [29].

Regarding total radioactivity needed to have an acceptable
brain image quality for (S,5)-['*FJFMeNER-D,, we have not
investigated at which levels the injected radioactivity can be
minimised to. From our previous preliminary human brain
study, we might say that more than 100 MBq would be needed
to get an acceptable image quality for dynamic data [30].

Guidelines on radiation exposure for human subjects
involved in research studies vary widely internationally.
The European Commission has established the medical
exposures directive (97/43/Euratom), which contains three
categories of effective dose ranges applied for adults under
50 year s of age [31]. Under these guidelines, radiation dose
is categorised according to the risk-to-benefit level. When
the benefit of a research project should probably be related
to “increase in knowledge leading to health benefit”,
corresponding effective dose range is 0.1-1 mSv (Category
Ila). When the benefit of a research project would be
expected to be “aimed directly at the diagnosis, cure ore
prevention of disease”, corresponding effective dose range
is 1-10 mSv (Category IIb). (S,S)-['*FJFMeNER-D, was the
only radioligand available for NET. NET was considered to
be involved in several psychiatric diseases such as mood
disorder and ADHD. NET is a main target for drugs for
such diseases. Considering the expected application of this
radioligand, Category IIb would be appropriate. Maximal
limit of 10 mSv would result from an injected activity of
600 MBq of (S.5)-['"*FJFMeNER-D, per subject per year.

On the other hand, 5 mSv has been reported as the average
radiation dose per patient from nuclear medicine procedures
in Europe [32, 33]. Based on this report, approximately
300 MBq of (S,5)-['*F]JFMeNER-D, could be injected per
subject per year.

In the USA, for radiopharmaceutical administration with
the approval of a Radioactive Drug Research Committee, the
radiation dose to be received by research patients is limited to
30 mSyv per dose and 50 mSv per annum to total whole-body,
active blood-forming organs, gonads and lens of the eye
(10 CFR 21, PART 361). The single-dose limit to other organs
is 50 mSv per injected dose and 150 mSv per annum (10 CFR
21, PART 361). Based on the data presented here, the absorbed
dose in the urinary bladder wall limits (S,5)-['"*F]JFMeNER-D,
radioactivity to be injected in a single dose to 1280 MBq in
the adult, with up to three such injections per annum.

There were some limitations in the present study. We
performed PET scans only for four male subjects. The
number of the subjects was small. However, the deviation
of the results from four subjects was not so large. It would
be needed in future study for the sex differences of the
distribution and dose burden.

Urine collections were not done in this study. They would
give us more detailed analysis for radiation burden of the
bladder wall. However, healthy subjects were usually able to
void the entire amount of activity accounted for in the urine
bladder ROIs. Therefore, we think that the addition of the
radioactivity in the previous scan to that in the next scan would
give us reasonable results for cumulative urine excretion.

For the bone marrow estimates, we took a VOI of the
lumbar region and used the percentage of marrow in the
lumbar region as published in the Adult anthropomorphic
phantom series of Cristy and Eckerman [15]. Although this
document did not provide magnitude of potential errors in
this number (9.79%), there are also potential differences in
the size of the VOI used on each subject. When the bone
marrow residence time was simulated to increase by 33%,
radiation dose estimates would increase by 17% in bone
marrow and by 8% in osteogenic cells, respectively, and
effective dose would increase by 2% (data not shown).

In conclusion, the estimated radiation burden of (S,S)-
["*F]FMeNER-D, was 0.017 mSv/MBq based on the distri-
bution and dose estimates in the human body. Although the
practical injection radioactivity might vary among countries,
it would allow multiple PET examination on the same
research subject per year.
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