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Abstract

Introduction: ['**I]-2-((2-((dimethylamino)methyl)phenyl)thio)-5-iodophenylamine (['*IJADAM), a novel radiotracer, has promising
application in the imaging of the serotonin transporter (SERT) in the human brain. In this study, the optimal scanning time for acquiring brain
single photon emission computed tomography (SPECT) images was determined by performing dynamic SPECT studies at intervals from 0 to
6 h postinjection of ['**IJADAM. Additionally, radiation-absorbed doses were determined for three healthy human subjects using
attenuation-corrected images.

Methods: Twelve subjects were randomized into one of three study groups as follows: whole-body distribution imaging (»=3), dynamic
SPECT imaging (n=3) and brain SPECT imaging (n=6). The radiation-absorbed dose was calculated using MIRDOSE 3.0 software with
attenuation-corrected data. The specific binding (SB) ratio of the brain stem was measured from dynamic SPECT images to determine the
optimal scanning time.

Results: Dynamic SPECT images showed that the SB of the brain stem gradually increased to a maximum 4 h postinjection. Single photon
emission computed tomography images at 4 h postinjection showed a high uptake of the radiotracer (SB) in the hypothalamus (1.4010.12),
brain stem (1.44%0.16), pons (1.13£0.14) and medial temporal lobe (0.5940.10). The mean adult male value of effective dose was
3.37x1072 mSv/MBq with a 4.8-h urine-voiding interval. Initial high uptake in SERT-rich sites was demonstrated in the lung and brain. A
prominent washout of the radiotracer from the lung further increased brain radioactivity that reached a peak value of 5.03% of injected dose
40 min postinjection.

Conclusions: ['*IJADAM is a promising radiotracer for SPECT imaging of SERT in humans with acceptable dosimetry and high uptake in
SERT-rich regions. Brain SPECT images taken within 4 h following injection show optimal levels of radiotracer uptake in known SERT sites.
However, dynamic changes in lung SERT distribution must be carefully evaluated.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

: . Dysfunction of the serotonergic system is associated with
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serotonin transporter (SERT) plays an important role in
modulating presynaptic serotonergic function [7]. An auto-
radiographical study of postmortem human brains showed a
reduction in SERT binding in the dorsal raphe nucleus in
comparison to healthy subjects [8,9]. Imaging of the SERT
by single photon emission computed tomography (SPECT)
or positron emission tomography (PET) provides informa-
tion on the integrity of the serotonergic neurotransmission in
vivo [10,11]. Therefore, the use of noninvasive imaging
techniques such as SPECT and PET can be valuable for early
disease detection or for monitoring the progression of the
serotonin pathogenesis, which is encountered in many of the
aforementioned psychiatric and neurological disorders [9].

The development of radiopharmaceuticals, such as
SPECT ligands, that are suitable for SERT imaging has been
successful [12,13]. In particular, ['**I]beta-CIT demonstrated
substantial uptake in the thalamus, hypothalamus and
midbrain [14]. The addition of the selective serotonin
reuptake inhibitor citalopram causes the displacement of
['*I]beta-CIT, thereby verifying that ['*I]beta-CIT selec-
tively binds to SERT-rich sites [10,15]. However, small
concentrations of SERT in the bilateral striatal regions create
the potential for ['**I]beta-CIT binding with dopamine
transporters (DATs) [15], further complicating the ability to
clearly distinguish regions of SERT from DAT in ['*I]beta-
CIT SPECT images.

['#*1]-2-((2-((dimethylamino)methyl)phenyl)thio)-5-iodo-
phenylamine (['**[JADAM) is a novel radiotracer for target-
ing SERT [16-18]. Animal studies revealed this radiotracer
to have properties superior to that of other radiopharma-
ceuticals, such as a high affinity and specificity for SERT
[17,18]. In addition, quantitative and dynamic brain SPECT
imaging has been investigated using nonhuman primates,
which showed high uptake of ['**IJADAM in the brain stem
and hypothalamus regions [19,20]. To date, only preliminary
human brain SPECT images have been published based on
limited time points [21]. In these results, only the brain stem
and hypothalamus SERT radioactivity can be identified,
which differs from PET and autopsy results where SERT
density can be demonstrated in the cortical areas. Our
previous work indicated that individual brain regions with
varying densities of SERT may have different transit
equilibrium time periods after drug administration [17].
Single photon emission computed tomography image acqui-
sition at different time periods might be helpful for
distinguishing brain regions with varying SERT density.

Recently, two human biodistribution studies demonstrat-
ed reasonable uptake of ['*’I]JADAM in the brain, lung and
liver, suggesting ['*>IJADAM as a potential SERT radio-
tracer with acceptable dosimetry and high brain uptake
[21,22]. However, a 50% difference in the effective dose
equivalent (EDE) was reported in these two studies [21].
Because the bladder wall receives the largest proportion of
the radiation dose after drug administration, a different
approach for accurate urine radioactivity measurement might
be helpful for accurate EDE estimation.

In this study, we determined the uptake of the ['**IJAD-
AM in brain regions using dynamic tomographic imaging.
The dynamic protocol enabled correlation of the scanning
time to the attainment of a maximum specific binding (SB)
ratio in SERT-rich sites, which provided an accurate
estimate of the optimal scanning time. We also evaluated
the dosimetry with an in vitro counting method for an
accurate measure of urine radioactivity and appropriate
estimation of EDE.

2. Materials and methods
2.1. Radiopharmaceuticals

['**IJADAM with a high specific activity (>12000 Ci/
mmol) was prepared by an oxidative iododestannylation
reaction modified from a previously described procedure
[16]. Briefly, 100 pg of tin precursor, 2-((2-((dimethylami-
no)methyl)phenyl)thio)-5-(tri-n-butyltin)-phenylamine, was
made to react with approximately 5.55 GBq (150 mCi)
['*I]Nal (INER, Lung-Tan, Taiwan) in the presence of
hydrogen peroxide and diluted acetic acid for 5 min. After
quenching with NaHSO3, the neutralized reaction mixture
was loaded on an octyl cartridge (Accubond, J&W Scientific,
Folsom, CA, USA) for purification. The cartridge was
washed with water and 50% ethanol to remove impure
species. Purified ['**IJADAM was obtained by eluting the
cartridge with absolute ethanol. The purified ['*’IJADAM
was then further diluted with 0.9% saline solution for the
animal study. The radiochemical purity was determined by
HPLC to be >90%.

2.2. Subjects

This study was approved by the Institutional Review
Board of Chang-Gung Memorial Hospital. Twelve healthy
subjects (five men and seven women) were included in the
study (aged 30.8+6.7 years). Both the dynamic brain SPECT
and the whole-body distribution studies included three
subjects. The remaining six subjects received three brain
SPECT images using the acquisition time determined in the
dynamic brain SPECT study. All subjects were nonsmokers at
the time of the study; 11 subjects had never smoked and
1 subject had not smoked for at least 2 years prior to study
participation. Written informed consent was obtained from
all subjects before study participation. The absence of med-
ical, neurological and psychiatric abnormalities was verified
by board-certified psychiatrists based on family history,
physiological examination and routine blood tests. Other
inclusion criteria were as follows: subjects aged between
20 and 40 years, absence of any previous psychotropic
medication, no other DSM-IV axis I diagnosis, no history of
alcohol or substance dependence or abuse, not pregnant
during the study period, no concomitant or past severe
medical conditions, no current suicidal or homicidal ideations
and the ability to provide informed consent. All subjects,
except one participant in the whole-body biodistribution
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group who accidentally lost his drug, received Lugol’s
solution (containing 400 mg of potassium iodide) orally
2 days prior to the study in order to block thyroid uptake of
dissociated ['%°1].

2.3. Brain SPECT image acquisition

The healthy volunteers received a mean dose of 185+
4.1 MBq of ['**IJADAM intravenously as a single bolus.
After tracer injection, any possible adverse or subjective
feelings related to the injection procedure was processed on a
predefined adverse chart. Subjects were also requested to
rate the tolerance of the tracer injection and the scanning
protocol on a scale from 1 to 10, 10 being untolerable. Brain
SPECT images were acquired with a Siemens E.CAM dual
head gamma camera (Siemens Medical Systems, Hoffman
Estates, IL) equipped with fan-bean collimators. The radius
of rotation was 16.4 cm, and the focal length of the fan-bean
collimators was 51 cm. The matrix size was 128 X 128 pixels.
The energy window was set at 159 keV with a 20%
symmetric window. Dynamic SPECT images were acquired
with 60 projection angles per detector over 180° at a
magnification of 1.23. Acquisition protocols for subjects
1 to 3 involved three phases of image collection. The first
series of images was collected starting at 0 min postinjection
and was stopped at 60 min postinjection. Each scan lasted
12 min and was repeated four times every 15 min. The
second phase of image collection was initiated at 60 min and
stopped at 4 h postinjection. The acquisition time was 24 min
and the scans were repeated six times every 30 min. Finally,
the third phase involved the collection of two 48-min scans at
5 and 6 h postinjection. After reviewing the images
from subjects 1 to 3, a modified protocol entailing three
48-min scans at 3, 4 and 5 h postinjection was performed on
subjects 4 to 9.

2.4. Magnetic resonance imaging

Magnetic resonance imaging (MRI) was conducted for
each subject in order to provide a structural reference for the
functional SPECT images. The structure—function correlation
was accurately determined by coregistration of the MRI
images to the SPECT images. Magnetic resonance imaging
data were acquired on a VISION VB33D 1.5-T instrument
(Siemens Medical Systems). T1-weighted axial images
(repetition time [TR], 500 ms; echo time [TE], 25 ms) and
T2-weighted axial images (TR, 3500 ms; TE, 120 ms) were
obtained in the transaxial plane (0.781 mm thickness and
3 mm gap). Magnetic resonance imaging images were resized
and resliced in planes parallel to the orbitomeatal line.

2.5. Whole-body image acquisition

Whole-body scans were performed using an Elscint
VariCam dual-headed gamma camera equipped with a
parallel-hole medium-energy collimator and a 20% sym-
metric energy window centered on a photopeak of 159 keV.
All images were acquired with a constant scanning speed of
15 cm/min (scanning speed, 7.5 cm/min 24 h postinjection)

into a 1024x256 matrix. A reference source of approxi-
mately 0.37 MBq was imaged with the subject in order to
confirm a consistent set of serial planar images. A whole-
body transmission scan was performed in subjects prior to
the injection of ['*IJADAM by placing a bar source
containing 370 MBq of ['**I] at the posterior camera head
and recording the image from the anterior head. Serial
whole-body images were obtained at 5 and 40 min and
1.5, 2, 3, 4, 6 and 24 h after intravenous injection of
182+2.1 MBq ['**I]ADAM. All image acquisitions includ-
ed the entire body for complete counting of whole-body
activity. Urine was collected at specific postinjection
intervals (0—6, 6-12, 12-18 and 18-24 h) in all three
subjects. For each interval, three 1-ml urine aliquots from
each subject were counted in a well counter (Perkin-Elmer
Wallac, Model 1470 Wizard). The counting efficiency of
the well counter was determined by a known calibrated
['?*1] radioactivity source with the same geometry as the
samples. The decay-corrected radioactivities were then
multiplied by the urine volume in each sampling time
interval. All urine radioactivities are expressed as percentage
of injected dose (%ID).

2.6. Brain SPECT image analysis

The filtered backprojection algorithm was implemented
in order to reconstruct the SPECT projection data using a
Metz filter (cut-off, 0.30 cycles/pixel; order, 12) on a 128 %
128 pixel matrix. Attenuation correction was performed by
assuming uniform attenuation within an ellipse drawn
around the head contour (attenuation coefficient, 0.12/cm).
The slice thickness and pixel size were 3.895 mm. Initially,
each subject’s SPECT image was automatically coregistered
with the corresponding MRI image. The two images were
then manually aligned by visual inspection of the overlaid
images using the multimodality software PMOD (PMOD
Technologies, Zurich, Switzerland). Volumes of interest
(VOIs) corresponding to the frontal cortex, striatum,
thalamus, hypothalamus, medial temporal lobe, brain stem,
pons and cerebellum were drawn on the coregistered image
using the MRI image as the structural reference. No
correction was made for partial volume effect because all
VOIs were restricted to regions completely within the target
to minimize this problem. All measured count densities
were decay-corrected to the time point of tracer injection.
For analysis, the cerebellum, assumed to be devoid of
SERT, served as the reference region [23]. The SB of
['**IJADAM in each brain region was calculated using the
equation [(VOItarget_VOIcerebellum)/VOIcerebellum]- Brain re-
gional uptake was calculated as counts per minute per
megabecquerel injected dose with radioactivity decay
correction (counts per minute per pixel per megabecquerel).

2.7. Whole-body biodistribution

Biodistribution of ['**I]JADAM was quantified by serial
whole-body planar scans after injection of the radiotracer.
The image data were analyzed using Image Gauge version
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3.46 (Fuji Photo Film, Japan). The consistency of the whole-
body emission scans was validated by measuring the activity
of a reference source at a fixed region of interest (ROI) at
time points equal to the physical decay of ['*’I]. Regions of
interest were drawn on the earliest anterior image and placed
abutting each other for the following organs: brain, thyroid,
lungs, heart, liver, gallbladder, kidneys, small intestine,
upper large intestine, lower large intestine and the remainder
of the body. Shapes and sizes of ROIs were kept constant for
all subsequent images. The same set of ROIs was placed on
serial posterior images after horizontal flipping.

Attenuation correction was calculated as follows: trans-
mission factors reflecting the fraction of counts passing
through the ROIs were calculated in each subject as the ratio
of the counts/pixel measured over each organ to the counts/
pixel for an unattenuated off-body region. The same set of
ROIs was then applied to the emission images. Correction
for the attenuation of the conjugated count emission images
was performed by dividing the geometric mean (the square
root of the anterior and posterior counts in each ROI) by an
attenuation correction factor equal to the square root of the
transmission factor.

For biodistribution evaluation, the geometric mean of the
measured counts in each target organ and remainder was
calculated. Conjugated counts were corrected for regional
attenuation as described above. Measurements were cor-
rected for physical decay. The total amount of activity in
each target organ and remainder was expressed as %ID,
calculated by dividing the organ activity by the total amount
of injected activity in the first whole-body scan (i.e., sum of
attenuation-corrected activity in each organ and remainder)
before a urine voiding.

For dosimetry evaluation, the attenuation-corrected geo-
metric mean of the measured counts in each target organ and
remainder was calculated. Time-activity curves of each
source organ and remainder were plotted without decay
correction. The area under the curve of each organ was
calculated using the trapezoidal method. The area under the
curve at 24 h was calculated by assuming that the decline in
radioactivity after this time point was solely dependent on
physical radioactivity decay. Calculating the area under the
curve for the fraction of injected dose from time =0 to
infinity yields the residence time. For each subject, the urine
activity was corrected for physical decay. The amount of
radioactivity in the urine at each voidance was expressed as
%ID of ['**IJADAM. A monoexponential curve was fitted to
the cumulative urine activity, and the total urine excretion as
a fraction of the injected dose and the biological half-life
were determined. Target organ radiation-absorbed dose,
effective dose (ED) and EDE were calculated by applying
the MIRD schema using the MIRDOSE 3.0 software
package (Oak Ridge National Laboratories, Oak Ridge,
TN, USA). Calculation of residence times of the urinary
bladder wall at urine-voiding intervals of 2.4 and 4.8 h was
performed using the dynamic bladder model. Radiation dose
estimates were calculated for each individual subject using a
reference phantom of an adult male (70 kg).

3. Results

There were no adverse or subjective effects in any of the
patients after injection of 185 MBq ['*IJADAM. The vital
signs of the patients remained stable throughout the
experiment, and there were no significant changes in clinical

2h 3h 4h

Fig. 1. A sequence of transverse slices of ['**TJADAM SPECT images acquired 1 to 4 h posttracer injection and corresponding MRI scans. Various VOIs are
defined as follows: Cx, cerebellum; Pons, pons; BS, brain stem; MT, medial temporal lobe; Th, thalamus; S, striatum; and FC, frontal cortex. Image intensities

were normalized to their global maximum.
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laboratory parameters before and 6 h after administration of
the radiotracer.

3.1. Distribution of [ 12311ADAM in the brain

Following injection of the ['**I]JADAM tracer, accumu-
lation was observed in regions known to have high
concentrations of SERT including the brain stem, hypothal-
amus, medial temporal lobe and pons (Fig. 1). Fig. 2A
shows the time—activity curve of various brain regions after
tracer injection. Radioactivity in each brain region reached a
peak approximately 45 min postinjection. High peak uptake
values were seen in the brain stem and hypothalamus,
followed by the pons, thalamus, striatum, medial temporal

A
= 0.9 ——BS
5 0.9
£ —+—Th
3 —o— 8T
2 —a—MT
= ——FC
& 06 ——Cx
z
2
=
©
@
g
© 0.3+
o
[3)
o
0.04
T T T T
0 100 200 300
Time post-injection (min)
B
1.59
——BS
—&—Th
—— ST
-% 1.0 —— MT
S
o —=—FC
£
k=]
£
a8
L
=
s 0.57
Q
o
(7]
0.0

T T T
0 100 200 300
Time post-injection (min)

Fig. 2. Time-activity curves (A) and SB (B) of various brain regions
measured from three dynamic SPECT studies.

Table 1
The mean SBs of the three study times for all VOIs (n=9)

Scanning time 3 h postinjection 4 h postinjection 5 h postinjection

(%) (%) (%)

Mean S.D. Mean S.D. Mean S.D.
Frontal cortex  0.16 51 0.14 55 0.15 77
Right striatum  0.79 15 0.80 20 0.81 23
Left striatum 0.80 14 0.81 19 0.83 21
Thalamus 1.04 14 1.10 13 1.12 16
Hypothalamus ~ 1.21 9 1.40 8 1.39 6
Brain stem 1.19 11 1.44 11 1.42 8
Pons 0.97 11 1.13 12 1.12 16
Right medial 0.50 16 0.60 17 0.56 25

temporal lobe

Left medial 0.48 17 0.59 17 0.56 25

temporal lobe

lobe and frontal cortex. The lowest uptake was noted in the
cerebellum; thus, it was selected as a reference region for
SB calculations. A set of SB curves for the various brain
regions are shown in Fig. 2B. The SB of the brain stem and
hypothalamus increased gradually over time and reached a
peak value 4 h after radiotracer injection. The striatum, pons
and thalamus attained a peak SB approximately 2 to 3 h
postinjection. On reaching a maximum, the SB in all brain
regions remained constant until 6 h postinjection.

According to the above dynamic SPECT results, all brain
regions reached their transit equilibrium by 4 h. Therefore,
three additional SPECT images were acquired between
3 and 5 h postinjection from six subjects for further
evaluation. Table 1 shows SB values from the brain
regions for nine subjects at three different time points
postinjection. The SB of the brain stem reached a peak value
of 1.44 at 4 h postinjection. At three different time points,
no significant differences in SB values were evident
between the groups. The SB of the hypothalamus, pons
and medial temporal lobe 4 h postinjection were 1.40,
1.13 and 0.60, respectively.

The boundary of striatal radioactivity was difficult to
identify solely by viewing the low-count dynamic SPECT
images. However, fusing corresponding images obtained
from SPECT and MRI can enhance the information
provided exclusively by each modality. Correlating the
functional information from SPECT with the anatomical
information obtained from MRI enabled the boundary of the
striatal radioactivity (the VOI) to be identified. The resulting
SB value was calculated to be 0.81. There was no significant
difference in SB values between the right and left striatum
and medial temporal lobes.

3.2. Biodistribution

Whole-body images of ['**IJADAM biodistribution at
various intervals postinjection are shown in Fig. 3 for a
single representative subject. The brain, lungs, liver,
gallbladder, intestinal tract and bladder were visually
identified on the whole-body emission images as organs
with moderate to high activity. Five minutes after tracer
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Fig. 3. Anterior whole-body transmission and emission images of a healthy
volunteer taken at time intervals ranging from 5 min to 24 h postinjection of

['**IJADAM. The intensity of the emission images acquired at different

times after radiotracer injection was decay-corrected, normalized to the
same acquisition speed and normalized to their global maximum for
comparison. A rainbow color scale was applied to all of the emission images
(TM: transmission scan).

injection, the highest peak values of %ID (decay corrected)
were found in the lungs and liver (29.0 and 9.86 %ID,
respectively). Forty minutes later, uptake in the lung
decreased sharply to 16.2 %ID. Simultaneously, brain uptake
reached an overall maximum value of 5.02 %ID. Peak uptake
values were seen in the intestine at a lateral time between
120 and 240 min after tracer injection, as shown in Fig. 4A
and B. Although the kidneys did not demonstrate substan-
tial uptake, the accumulated radioactivity in the urine was
32.6 %ID in the first 6 h of collection, suggesting

considerable excretion of the radioactivity through the
renal system. Fig. 5 shows the dynamic accumulation of
radioactivity in the urine for the three subjects. A mono-
exponential curve was fitted to the accumulated urine
radioactivity data with a R* value of 0.94+0.02. The average
(mean*S.D.) biological half-life was 2.344+0.17 h, and the
average total accumulation of urine radioactivity was
52.9£8.8 %ID, determined by fitting a monoexponential
curve to infinite time. Urinary bladder content residence
times of 0.59+0.09 and 1.24+0.18 h for 2.4- and 4.8-h
urine-voiding intervals, respectively, were determined using
the dynamic bladder model.
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Fig. 4. Whole-body distribution of ['**IJADAM in three healthy subjects
with decay correction.
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Fig. 5. Cumulative decay-corrected activity in urine following intravenous
administration of ['**I]JADAM in three healthy subjects. A monoexpo-
nential curve fit to the data is shown. To calculate biological half-life and
total cumulative urine activity, we fit a curve to the data for each indivi-
dual subject.

3.3. Radiation-absorbed dose estimates

The average residence time for each source organ,
calculated from whole-body images with attenuation cor-
rection, is shown in Table 2. Radiation-absorbed dose
estimates were calculated and averaged for each subject
using the residence times from Table 2 (Table 3). High
absorbed doses (in microgray per megabecquerel) were
noted for the urinary bladder wall (100), gallbladder wall
(83.6), upper large intestine (67.3), lower large intestine
(60.6) and small intestine (40.9) at a urine-voiding interval
of 4.8 h. Moderate levels of absorbed doses (in microgray
per megabecquerel) were seen in the thyroid (39.2), lung
(29.1), kidneys (27.6) and liver (18.8) at the same urine-
voiding interval. The mean EDE at 2.4- and 4.8-h urine-

Table 2
Residence time of each source organ calculated from whole-body images
Organ Residence time
(mean+S.D.)
Brain 0.34+0.09
Thyroid 0.03+0.02
Heart 0.12+0.01
Gallbladder wall 0.30+0.14
Kidneys 0.22+0.08
Lower large intestine 0.574+0.33
Upper large intestine 0.92+0.19
Small intestine 0.8940.04
Liver 0.61+0.08
Lungs 0.9940.04
Urinary bladder contents 0.5940.08"
1.24+0.17°
Remainder 6.62+0.37

* The residence time of urinary bladder contents was calculated using a
dynamic bladder mode implemented in MIRDOSE 3.0 with urine-voiding
intervals of 2.4 h.

® The residence time of urinary bladder contents was calculated using a
dynamic bladder mode implemented in MIRDOSE 3.0 with urine-voiding
intervals of 4.8 h.

Table 3
['**IJADAM radiation doses for adult male (mean+S.D., in microgray
per megabecquerel)

Organ Urine-voiding interval (mean+S.D.)
24h 48 h

Adrenals 1.08x102+8.54x10°*  1.08x1072+8.33x10°*
Brain 1.08x1072+2.32x107%  1.08x1072+2.32x1073
Breasts 5.82x107°42.72x107*  5.83x1073+2.70x10~*
Gallbladder wall 8.35x107243.42x1072  8.36x10 2+3.41x1072
LLI wall 5.88x107242.76x107%  6.06X1072+2.74x102
Small intestine 4.03x1072+3.67x107  4.09x10724+3.57x1073
Stomach 1.08x1072+8.33x10°*  1.08x1072+7.77x10~*
ULI wall 6.68x10724+1.15x1072  6.73x1072+1.14x1072
Heart wall 121X107241.53x10™%  1.21x10 2+1.53x10°*
Kidneys 2.75x1072+7.97x107°  2.76x1072+7.97x1072
Liver 1.88x107242.36x107>  1.88x107242.35x103
Lungs 291x107241.22x107°  2.91x10 2+1.22x10"°
Muscle 8.15%107°+4.79x10™*  8.58x10 3+4.22x10°*
Ovaries 2.08x1072+3.12x1073  2.23x107242.94x1073
Pancreas 1.22x1072+1.10x107%  1.22x1072+1.05x1073

8.76x1073+6.07x10~*
1.40x1072+7.55x10~*

8.53x1073+6.43x10~*
1.37x1072+8.08x10°*

Red marrow
Bone surfaces

Skin 482x1073+2.48x107%  4.94x1073+£2.31x10*
Spleen 2.61x107243.70x107>  2.61x1072+3.74x10~°
Testes 6.91x107°4£2.46x107*  8.02x107°+1.60x10~*
Thymus 7.69x107°+3.21x107*  7.69x10°+3.21x107*

3.92x107242.47x1072
1.00x107'+1.25% 107>

3.92x107242.47x1072
5.14%107245.56x10°

Thyroid
Urine bladder wall

Uterus 1.75X107247.64x107*  2.16x1072+3.46x107*
Total body 9.83x107°+6.78x10™*  1.02x1072+6.05x10™*
EDE* 3.02x107245.11x107°  3.37x102+£4.60x10°
ED® 2.60x1072+4.04x107>  2.88x10724+3.96x1073

? Units for EDE and ED are millisievert per megabecquerel.

voiding intervals were estimated to be 3.02x10? and
3.37x10"? mSv/MBgq, respectively.

4. Discussion

Our results demonstrate that ['>’[JADAM is a pharma-
cologically safe radioligand, producing neither subjective
nor objective side-effects. This finding was also confirmed
by clinical physical examinations, serum electrolyte analy-
sis, liver function tests, thyroid function tests and hemato-
logical studies before and after administration of the
radiotracer. After injection of ['**IJADAM, a majority of
the radioactivity (50.32 %ID) was excreted in the urine.
This coincided with the urinary bladder wall exhibiting
the highest organ absorbed dose of 100 pGy/MBq at a 4.8-h
urine-voiding interval, which is still an acceptable dose for
routine nuclear medicine practice. Favorable biodistribution
of ['*I]JADAM in human volunteers was observed, the
resulting brain distribution corresponding to 5.02 %ID. The
brain SPECT images demonstrated the highest uptake
values to be in the brain stem, hypothalamus and pons,
which are findings consistent with the known distribution of
SERT in the human brain [24]. A relatively steady brain
stem SB attained between 3 and 6 h postinjection makes
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['®IJADAM a suitable radiotracer for studying SERT
distribution in the brain.

Analysis of the brain SPECT images revealed high
uptake of the radiotracer in the hypothalamus, brain stem
and pons. Moderate radiotracer uptake was found in the
striatum and medial temporal lobe. The above findings
confirm observations from in vitro and autoradiographic
studies [24], suggesting that ['**IJADAM binds to SERT
with a high affinity and specificity in the living human
brain. These observations, taken in conjunction with the fact
that ['*IJADAM is not known to cross-bind with other
monoamine transporters, make it a superior SPECT radio-
agent for targeting SERT, as compared to ['**I]beta-CIT
[15]. However, determining the concentration of SERT in
the frontal cortex still presents a challenge. We observed a
peak SB value of 0.16 at 135 min postinjection from the
dynamic study. Similar observations were noted in our
previous study involving the biodistribution of the rat brain:
brain regions with a smaller density of SERT reach a transit
equilibrium at an early time period [17]. Low uptake and
large variation of ['**IJADAM in the frontal cortex can also
be seen in the 3- to 5-h postinjection studies. Serotonin
transporter evaluation at the frontal cortex remains unsolved
using a SPECT radiotracer. An additional limitation is that
small brain regions cannot be easily delineated on SPECT
images. Radioactivity uptake in the medial temporal lobe
seen at 4 h suggests that substantial SERT distribution exists
in the hippocampus and amygdala regions. However, the
ROI is difficult to identify and the partial volume effect may
result in an underestimation of the uptake value. Evaluation
of the medial temporal lobe SERT quantity is possible by
fusing the functional SPECT image to its corresponding
MRI image. The MRI image provides an accurate anatom-
ical reference for the SPECT images.

Single photon emission computed tomography images
acquired immediately after tracer injection showed a
substantial uptake of the drug in the whole brain including
the cortex, striatum, thalamus, hypothalamus, medial
temporal lobe, brain stem and cerebellum, suggesting an
acceptable level of penetration of the brain—blood barrier.
The sequential images showed a rapid clearance of the
radiotracer from nonspecific binding sites including the
cortex, striatum and cerebellum. The SB in the hypothala-
mus and brain stem gradually increased over time and
reached a peak value of 1.44 at 4 h postinjection. The time
period necessary to achieve transit equilibrium was consis-
tent with the recommendations from Newberg et al. [21].
However, our peak SB value was higher than that recorded
by Newberg et al. [21]. The reason for this difference is not
clear, as a similar analytic method was applied in both
studies. Some possible factors affecting the peak SB value
include the age group or ethnic origin of the subjects
included in the study, the protocol used for drug preparation
and the method used to define ROIs and cerebellum
boundaries. If the above factors have a significant affect
on the final SB value, it may be difficult to compare

SB values between different studies. However, further
investigation with a larger number of study subjects will
be needed before drawing any conclusions.

The distribution of ['**IJADAM binding in the brain was
very similar to distributions obtained using other SERT
tracers, such as C-11 (+) McN5652 and C-11 DASB;
however, the midbrain radiotracer uptake was somewhat
different [11,25,26]. The PET tracers C-11 (+) McN5652 and
C-11 DASB exhibit an average midbrain to cerebellum ratio
of 1.240.34 and 2.04£0.44, respectively [26]. The kinetics
of ['**I]JADAM appears to be much slower than the C-11
tracers, reaching a near steady state 3 h after tracer injection.
The relatively constant SB of ['>’IJADAM in the brain stem
between 3 and 6 h postinjection provides an optimal time
window for brain SPECT imaging in routine nuclear
medicine practice.

Investigations of the biodistribution of ['>*IJADAM have
recently been published by Newberg et al. [21] and
Kauppinen et al. [22]. Our results using attenuation correction
images for dosimetry calculation are similar to those cited by
Newberg et al. [21], despite methodological differences. We
measured direct urine radioactivity counts for input into the
dynamic urinary model, whereas Newberg et al. [21]
determined urine radioactivity counts from the whole-body
image. Because the majority of the injected dose was excreted
in the urine, the amount of radioactivity in the urine must be
carefully measured for an accurate quantification of the
radiation dose. To minimize errors in radioactivity measure-
ment, the volume of urine used for radioactivity measurement
corresponded to the volume used for calibration of the well
gamma counter. Because the injected drugs were also
measured in a similar geometry, this measurement of urine
radioactivity may be more accurate than that from whole-
body images. This may account for differences in the
radiation dose estimation from the urinary bladder wall in
our result as compared with others. The sum of the urine %ID
measured by direct counting and the whole-body %ID
measured from images at 6 h postinjection (before defeca-
tion) was 98.9+ 1.4%, indicating acceptable recovery of urine
and an integration of these two methods. The radiation-
absorbed dose in the urinary bladder wall and the total body
EDE can undergo a 49% and 10% reduction, respectively, by
shortening the urine-voiding intervals from 4.8 to 2.4 h;
therefore, individuals should be encouraged to empty their
bladders frequently in order to decrease the radiation burden.
To prevent the underestimation of radiation-absorbed doses,
we performed analyses using conservative procedures. These
analyses included placement of large ROIs on source organs
and assuming physical decay only after the last whole-body
imaging at 24 h postinjection.

Attenuation of radioactivity by tissues can also affect the
measurement of radioactivity [27]. For example, the lungs
attenuate the least amount of activity because they are filled
with air, whereas solid organs such as the liver will attenuate
the greatest amount of radioactivity. In this study, for
example, the liver demonstrated a high initial uptake of the
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injected radiotracer. The largest increase in %ID was found
in the gallbladder (51%), followed by the bladder (46%),
kidney (43%), intestine (41%) and liver (40%) after
attenuation correction. Minute changes in %ID were noted
in the lung (—2%). The %ID of the remainder of the body
was overestimated by 15% before attenuation correction.
Although the radiotracer used for attenuation in the present
study was different from those used by Newberg et al.
[21] (i.e., *™Tc vs. '*°I), the resulting estimates of the
attenuation coefficients were similar. These data are further
supported by data from Newberg et al. [21] indicating that
attenuation correction has a significant impact on the
evaluation of dosimetry.

A surge of radioactivity in the brain and the remainder of
the body was seen 40 min after radiotracer injection in both
the whole-body and dynamic brain SPECT images. This
surge in radioactivity was found in both SERT-rich and
nonrich sites in the brain. The radioactivity surge observed
in the brain and blood was countered by a simultancous
decrease in radioactivity in the lungs, leading to the
speculation that the phenomenon was caused by a redistri-
bution of the radiotracer. As suggested by Suhara et al. [28],
the lungs may function as a reservoir for drugs that target
the SERT. Excretion of the radiotracer from the lungs could
lead to increased concentrations of radioactivity in the
blood, thus, increasing the radioactivity in the brain. As
demonstrated by the whole-body distribution results, the
amount of brain SERT was relatively small compared with
that in the lungs. The pharmacokinetics and drug interaction
between central and peripheral SERTs must be carefully
investigated in order to accurately estimate SERT function
in the brain.

5. Conclusion

The postinjection kinetics of ['**IJADAM were favor-
able, showing a gradual increase in ['*’IJADAM SB in the
brain stem at 3 h, achieving a maximum of 1.44 at
approximately 4 h, and remaining constant until 6 h. During
this time period, a high uptake of ADAM can be identified
in known SERT-rich sites, including the hypothalamus,
brain stem, pons and medial temporal lobe. The ['**I]AD-
AM EDE for an adult male, calculated using attenuation-
corrected images, was 3.37x 107> mSv/MBq. Based on the
average EDE value derived from this study, subjects would
receive an EDE of approximately 6.23 mSv using a general
injection dose of 185 MBq ['*’IJADAM, which is compa-
rable to the average EDE per patient in other '*’I studies
using standard nuclear medicine procedures [29-32].
However, redistribution of the tracer from extracerebral
compartments (such as the lung) to plasma and brain must
be carefully taken into consideration while quantifying the
SB in the brain. Taken in conjunction with results from
previous studies [21,22], our data suggest that ['*IJADAM
is a promising SPECT radiotracer for the study of SERT in
the human brain.
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