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Vesicular monoamine transporter 2 (VMAT2) is highly ex-
pressed in the endocrine cells and brain. We investigated
the biodistribution and radiation dosimetry of (2R,3R,11bR)-
9-(3-"8F-fluoropropoxy)-3-isobutyl-10-methoxy-2,3,4,6,7,
11b-hexahydro-1H-pyrido[2,1-a]isoquinolin-2-ol  (*8F-FP-(+)-
dihydrotetrabenazine [DTBZ] or '8F-AV-133), a potential VMAT2
imaging agent showing encouraging results in humans, to fa-
cilitate its future clinical use. Methods: Nine healthy human
subjects (mean age *= SD, 58.6 * 4.2 y) were enrolled for the
whole-body PET scan. Serial images were acquired for 3 h
immediately after a bolus injection of 390.7 = 22.9 MBq of
18F-AV-133 per individual. The source organs were delineated
on PET/CT images. The OLINDA/EXM application was used to
determine the equivalent dose for individual organs. Results:
The radiotracer did not show any noticeable adverse effects for
the 9 subjects examined. The radioactivity uptake in the brain
was the highest at 7.5% = 0.6% injected dose at 10 min after
injection. High absorbed doses were found in the pancreas,
liver, and upper large intestine wall. The highest-dosed organ,
which received 153.3 = 23.8 nGy/MBq, was the pancreas. The
effective dose equivalent and effective dose for '8F-AV-133
were 36.5 + 2.8 and 27.8 = 2.5 uSv/MBq, respectively. These
values are comparable to those reported for any other '8F-
labeled radiopharmaceutical. Conclusion: 8F-AV-133 is safe,
with appropriate biodistribution and radiation dosimetry for
imaging VMAT?2 sites in humans.
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Vesicular monoamine transporter type 2 (VMAT?2) is an
integral part of the reuptake mechanism for vesicular pack-
aging and storage of monoamine neurotransmitters in the
synapses of the brain. Imaging VMAT?2 in the brain thus
provides a measurement reflecting the integrity (total num-
ber) of all 3 monoaminergic neurons (/,2). Parkinson dis-
ease (PD) involves degeneration of nigrostriatal neurons
with a prominent dopaminergic terminal loss in the stria-
tum. A plethora of dopamine transporter imaging agents,
most of which are tropane (or cocaine) derivatives with
varying degrees of affinities to serotonin and norepinephr-
ine transporters, have been reported as useful tools for the
diagnosis of PD (3-7). One study (3) pointed out the defi-
ciencies in imaging PD based on dopamine transporter trac-
ers, which highlighted the need for additional new imaging
agents to reliably diagnose and predict the progress of this
neurodegenerative disease. Imaging of the VMAT?2 has thus
been proposed as an alternative for following degeneration
of monoaminergic neurons in PD (8). !'C-tetrabenazine and
derivatives targeting VMAT?2 have been successfully devel-
oped and tested in humans (9). Animal data showed that
1C-(+)-dihydrotetrabenazine (DTBZ) is less sensitive to
drugs affecting dopamine levels in the brain; therefore, it
will more accurately reflect the concentration of viable
monoamine neurons (/0—13). Rapid and differential losses
of in vivo dopamine transporter and VMAT?2 radioligand
binding in mice treated with 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine were detected by 3H-(*)-DTBZ, sug-
gesting that the VMAT?2 binding sites are proportionally
related to the existence of functional dopamine neurons
(13,14). Thus, ''C-(+)-DTBZ could be a potentially useful
marker for VMAT?2 reduction. The reduction of VMAT?2
directly reflects the loss of monoamine neurons; therefore,
it is applicable as a tool in the diagnosis of PD (8).
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To meet a similar goal with a wider application, an '8F-
labeled analog of DTBZ ('8F-AV-133) (Supplemental Fig.
1; supplemental materials are available online only at http://
jnm.snmjournals.org) with a longer physical half-life (T;,,)
of 110 min (vs. 20 min for ''C) has been recently developed
(15). '8F-AV-133 displayed an excellent binding affinity
(K;j = 0.11 nM, rat striatal homogenates) for VMAT2
(15,16). Successful imaging studies in rodents and monkeys
using '8F-AV-133 have been reported (/7). An initial trial to
assess the reduction of VMAT2 binding sites in patients
with PD and dementia with Lewy bodies was performed
by Koeppe et al. (/8) and Suzuki et al. (/9). A recent
publication clearly indicated the sensitivity of '8F-AV-133
for detecting monoaminergic terminal reductions in PD
patients and concluded that '8F-AV-133 may allow the
selection of presymptomatic patients with nigrostriatal
movement disorders (20).

In the present study, we analyzed in detail the biodis-
tribution, dosimetry, and safety data for '8F-AV-133 in
humans. With these data, future studies can be expanded
into the clinical setting to test the usefulness of '8F-AV-133
in the diagnosis and monitoring of PD and related move-
ment disorders.

MATERIALS AND METHODS

Preparation of 18F-AV-133

Optically pure '3F-AV-133 was synthesized at the cyclotron
facility of Chang Gung Memorial Hospital following the
method described previously, with some modification (16).
The radiochemical purity of '3F-AV-133 determined by analytic
high-performance liquid chromatography was greater than 98%,
and the specific activity was 60-200 TBg/mmol at the end of
synthesis.

Subjects

Nine healthy elderly controls (6 men and 3 women; mean age *
SD, 58.6 = 4.2 y) were enrolled for the study, and none had a
history of physical or neurologic illnesses. Results of laboratory
investigations were in the reference range for all controls. The
study protocol was approved by the Institutional Review Board
of the Chang Gung Memorial Hospital and the Governmental
Department of Health. Details on the imaging protocol and
the main characteristics of the study participants are shown in
Table 1.

PET/CT

Whole-body (WB) PET was used to characterize the biodis-
tribution of '8F-AV-133. Serial WB scans were acquired on a
Discovery ST16 PET/CT scanner (GE Healthcare) for all subjects.
The details of image acquisition and processing have been
described by our group (27). In brief, serial WB PET images were
acquired in 3 scanning sessions after the intravenous injection of
I8F-AV-133 (390.8 = 22.9.0 MBq). Each PET scan session con-
sisted of 2 consecutive 20-min scans. Subjects were permitted to
leave the scanner and void freely during each 10- to 20-min break
between successive scan sessions. Urine samples were collected,
and total urinary radioactivity was determined. An additional 10-min
3-dimensional PET brain image was acquired before WB image
session 3, starting at 110 min after injection (Fig. 1). The WB
images, with resolutions of 4.69 X 4.69 X 3.27 mm (matrix size,
128 x 128; 299 slices), were reconstructed using 2-dimensional
ordered-subsets expectation maximization with 4 iterations, 15 sub-
sets, gaussian filtering of 5.14 mm, and zoom of 1. Brain PET
images were reconstructed using 3-dimensional ordered-subsets
expectation maximization (subsets, 16; iterations, 4; gaussian fil-
ter, 2.98 mm; and zoom of 2). All PET images were attenuation-
corrected with low-dose helical CT.

The uptake of '8F-AV-133 in the target organs was determined
by calculation of the standardized uptake value (SUV) according
to the following formula:

Decay corrected tissue activity (Bq/mL)
Injected dose (Bq) /body weight (g)

SUV = Eq. 1

Mean SUVs of the organs of interest determined at time ¢ after
injection SUV grean (t) Were assessed in all patients.

Dosimetry

The OLINDA/EXM application (version 1.0) developed by
Stabin et al. (Vanderbilt University) (22) was used to determine
the effective doses and doses to individual organs on calculations
and constants defined in the ICRP Publication 60 (23) for all
subjects. The dynamic bladder model and the gastrointestinal tract
model (defined in ICRP 30) were used (24-26). The residence
time (1) for each organ (h) was determined for dose estimation
(25).

The details of image processing for dose estimation have been
described by our group (21). In brief, volumes of interest were
drawn on fused serial PET/CT images for the following organs:
brain, thyroid, lungs, heart, liver, gallbladder, pancreas, kidneys,
stomach, spleen, urinary bladder, intestine, lumbar spines, and

TABLE 1. Injection Dose, Specific Activity at Time of Delivery, and General Characteristics of Study Participants

Patient no. Injection dose (MBq) Specific activity (TBg/mmol) Sex Age () Body weight (kg)
1 409.8 8.9 M 60 65
2 353.4 14.2 M 60 82
& 384.2 14.2 M 56 78
4 430.5 11.0 M 56 74
5 401.2 23.2 F 58 81
6 403.0 15.4 M 60 65
7 384.4 10.5 M 64 70
8 377.8 24.9 F 63 64
9 372.5 14.4 F 50 52

BiopisTRIBUTION OF '8F-AV-133 ¢ Lin et al. 1481



L) L) T
[l H [ H ] ] H
V1wB 12wB 13WB !4wB \Brain | _} 5WB !6WB
CT: PET CT: PET 1 PET CT 1PET CT: PET 1+ PET
1 ! ! H ' 1 :
H H H H
0 60 110 120 180

FIGURE 1. Acquisition scheme for
biodistribution study.

testes. Because the lumbar vertebrae contain approximately 12.3%
of the red marrow in the adult, this source organ was used as an
approximation for uptake in the red marrow (27). At each time
point, we assessed the percentage of injected 8F-AV-133 (percent-
age injected dose [%ID]) within all volumes of interest according
to the following formula:

Vorgun

%ID (t) = 100% X SUV grgan (t) X Eq. 2

Mwhole body i

where %ID(t), Vorgan, and Mypolebody are the %ID measured at
time t after injection, the volume of the organ (cm?), and the mass
of the WB (g), respectively. In general, the measured kinetic data
(with the exclusion of the urinary bladder and intestine) can be
represented as one or more exponential terms of a mathematic
expression, as follows:

Activity(t) = A Xexp( —aXt) + B Xexp(—bXt)

+ C Xexp(—cXt), Eq. 3
where A, B, and C are initial activities or concentrations, and a, b,
and c are decay or removal rate constants. This mathematic
model—Activity(t)—was fitted to the measured kinetic data—
%1D(t)—by least-squares analysis using the EXM module in the
OLINDA/EXM application. Then, the 7, of each organ was cal-
culated on the basis of the physical T}, of the radioisotope and the
integral of the fitted time—activity curve from time zero to infinity,
as follows:

©

Time after injection (min)

The T, values were entered into the OLINDA kinetics input
form to be used for dose calculations (22).

For a conservative estimation of gastrointestinal kinetics data,
decay-corrected peak activity in the entire abdomen—excluding
the liver, gallbladder, pancreas, and kidneys—was used as the
input to the small intestine in the ICRP 30 gastrointestinal tract
model (26). The fraction of activity excreted through the bladder
and the corresponding biologic T;,, were assessed from the accu-
mulated activity excreted at all voiding moments between and
after scans (at ~1, 2, and 3 h after injection). The amount of
urinary radioactivity at 10 and 30 min after injection was deter-
mined from WB scans. The 1-phase exponential association curve
was then fitted to the cumulative urine activity using the following
formula:

Ut)=0U

X (1 —exp(—In2Xt/T,,)), Eq. 5

max
where U(t), Up,ax, and Ty, are the accumulated urine fraction at
time t, maximum accumulated urine collected, and biologic T,
respectively. To assess the T, for the urinary bladder content, these
parameters were entered into the bladder-voiding model module
of OLINDA/EXM, with voiding intervals of 2.4 and 4.8 h. Dose
estimates for different organs were made with the MIRD algo-
rithm (25) by entering the kinetic data into the OLINDA/EXM
application. The T, values in the rest of the body were obtained by
subtracting the total organ T, values from the theoretic total body
T, computed from the half-life (T;,/In 2 = 2.62).

RESULTS
Subject Characteristics

/ Activity(t) dt = A + B + 9 Eq. 4 Vital signs and electrocardiogram recordings were
s a b oc obtained before injection of the radiotracer, in the resting
10 min 30 min 70 min 90 min 130 min 150 min

FIGURE 2. Coronal projections (75-
mm thick) of 6 sequential WB PET
images taken at 10, 30, 70, 90, 130,
and 150 min after injection of 18F-AV-
133 in 1 subject. Images are displayed
on SUV scale. B = bladder; Bm = bone
marrow; Br = brain; H = heart; int =
intestine; L = lung; Lv = liver; P = pan-
creas; Pg = parotid gland; Sg = sub-
mandibular gland; Sp = spleen; St =
straitum; Th = thyroid; Ts = testes.
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periods between the scans, and at the end of the study.
There were no consistent, significant changes in vital signs
and electrocardiogram readings. No serious adverse events
were observed.

18F-AV-133 Biodistribution

WB images of '3F-AV-133 biodistribution at various
intervals are shown in Figure 2. The liver and pancreas
were visually identified as the organs containing the highest
concentration of radioactivity. Accumulation of radioactiv-
ity was observed within the intestine at later times. A mod-
erate uptake of '8F-AV-133 was observed in the kidneys,
urinary bladder, bone marrow, and brain (Fig. 2). The !8F-
AV-133 biodistribution in the brain, kidneys, heart, liver,
lungs, pancreas, spleen, and urinary bladder is shown in
Supplemental Figure 2. The time-activity curve showed a
high initial uptake of the radiotracer in the liver and brain,
with values of 16.36 = 3.11 and 7.48 = 0.58 %ID, respec-
tively. The radioactivity declined in most organs at the end
of the study (i.e., at 3 h after injection), except the liver,
pancreas, and urinary bladder. The urine excretion of the 9
subjects is shown in Supplemental Figure 2H. This analysis
yielded a U, value of 3.46 = 0.99 %ID and a biologic
Ty of 0.88 = 0.44 h.

The T, values of source organs are listed in Table 2. The
I8F_AV-133 radiation doses for a 73.7-kg adult phantom are
calculated and shown in Supplemental Table 1. Considering
a voiding interval of 2.4 h, the highest absorbed organ doses
were to the pancreas (153.3 = 23.8 wGy/MBq), liver (72.0 =
13.6 nGy/MBq), and upper large intestine (54.5 £ 9.2

pGy/MBq). A high variability in estimated radiation doses
was found in the thyroid, lungs, and stomach wall, and this
was most likely due to the physical and functional clear-
ance rates within these organs. The mean effective dose in
adult was 27.8 £ 2.5 uSv/MBq. A more conservative dose
calculation of 28.6 = 2.3 nSv/MBq was listed with a uri-
nary interval of 4.8 h (Supplemental Table 1). This value is
comparable to values from other PET tracers for clinical
routine use (28,29) and makes '8F-AV-133 suitable for clin-
ical imaging applications, including longitudinal studies.

Figure 3 shows the transverse brain images of a repre-
sentative healthy subject at the level of the striatum, cau-
date head, and brain stem. The images were acquired
between 110 and 120 min after tracer injection. A prom-
inent uptake of radioactivity in the caudate, putamen, sub-
stantia nigra, hippocampus, and brain stem regions was
clearly delineated, and these regions correspond well to
the distribution pattern of VMAT?2 in the brain.

DISCUSSION

The biodistribution study of '8F-AV-133 in humans
showed a high initial (16.4 * 3.1 %ID) and maximum
(22.0 = 5.0 %ID) uptake of radioactivity in the liver, indi-
cating that the elimination of '8F-AV-133 is mainly through
the hepatobiliary system. The prominent liver uptake of
I8F-AV-133 was similar to that observed for its structural
analog tetrabenazine pharmacokinetics demonstrated by
previous human (30,31) and primate (32) studies. The dis-
tribution of radioactive material in the liver is probably due

TABLE 2. Descending Order of Average Number of Disintegrations in Source Organs

Source organ Mean
Remainder 1.08E+00
Liver 5.41E-01
Red marrow* 2.72E-01
Small intestine 1.79E-01
Brain 1.28E-01
Lungs 1.08E—-01
Upper large intestine 9.82E-02
Pancreas 7.78E—02
Urinary bladder contents at 4.8 ht 4.78E-02
Stomach 3.62E—-02
Kidneys 3.19E-02
Urinary bladder contents at 2.4 ht 2.93E-02
Spleen 2.46E—-02
Heart wall 2.42E—-02
Lower large intestine 1.80E—-02
Gallbladder contents 8.35E—-03
Thyroid 4.75E—-03
Testes* 4.40E—-03

*Data are scaled from lumbar vertebrae.
2.4 and 4.8 h are voiding intervals.
*Data are based on 6 male subjects.

Percentage coefficient

SD of variation
1.57E-01 14.6
1.13E-01 20.8
4.71E-02 17.3
3.74E-02 20.9
2.36E—02 18.4
5.23E—-02 48.3
2.05E—02 20.9
1.30E—02 16.8
1.46E—-02 30.5
1.96E—-02 54.2
1.03E—-02 32.4
9.35E-03 31.9
5.45E—03 22.2
5.20E—03 21.6
3.77E—03 21.0
3.04E—03 36.4
2.69E—03 56.6
1.44E—-03 32.8

Data for average number of disintegrations in source organs (i.e., residence time) are in MBg-h/MBq. Percentage coefficient of

variation is determined by SD/mean x 100%.
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FIGURE 3. MR image, MR and '8F-
AV-133 PET fusion image, and '8F-AV-
133 PET image of healthy 56-y-old man
at level of striatum (B), caudate head
(C), and brain stem (D). These 3 levels
are shown in panel A. Images were
acquired between 110 and 120 min
after injection. Cb = cerebellum; Cd =
caudate; HIP = hippocampus; OC
occipital cortex; P = putamen; RN
raphi nucleus; SN = substantia nigra.

to hepatic dealkylation of '8F-AV-133, as reported previ-
ously for ""C-DTBZ (30,31). The high liver uptake in
humans is consistent with the reported high values of
3.53 %ID/g in rat (33) and 24.6 %ID/g in mouse (/6)
studies. However, the hepatic clearance of radioactivity is
slow, and only a small amount reaches the gallbladder up to
3 h after intravenous injection of '8F-AV-133 in humans. In
contrast, the radioactivity clearance is much faster in the
small-animal studies. Species differences could be a factor.

In parallel to the animal biodistribution results (33), 8F-
AV-133 was prominently distributed in the pancreas imme-
diately after tracer injection. The radioactivity distribution
in the pancreas reached its peak and ranked as the highest
image intensity among all organs within the first hour after
injection. Past an hour after tracer injection, high image
contrast for delineating the pancreas was clearly achieved
when the radioactivity distribution in the muscle, intestine,
and kidneys was low. It is suggested that '8F-AV-133 dis-
tribution in the pancreas is related to the VMAT?2 expressed
within the B-cells of the pancreatic islet (34). According to

1484

the binding study with '8F-AV-133 using human islet homo-
genates and in vitro autoradiography, a specific VMAT?2 bind-
ing signal can be clearly detected (35). Together with our
biodistribution findings, the potential role for this VMAT?2
ligand to evaluate (3-cell function warrants further study.

The moderate uptake and fast decline of '8F-AV-133 in
the lung was noted. Radioactivity clearance is relatively
longer from the lung than from blood-containing organs
such as heart or spleen. According to a previous report,
radiolabeled methanol may be one of the metabolites for
HIC.DTBZ (31). The metabolites of '8F-AV-133 have not
been fully characterized. However, it is possible, judging
from its structure, that '8F-propanol is a candidate metab-
olite. In this regard, the radioactivity in the lung may be due
to exhalation of radioactive metabolites after the hepatic
dealkylation process. Activity observed in the lungs may
also be located in the endocrine component of the sympa-
thetic and parasympathetic nervous systems (36).

As expected, VMAT?2 is a general histochemical marker
for biogenic amine-containing neurons of the central
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nervous system (36). In parallel to the biodistribution study,
18F-AV-133 uptake with the administered clinical dose can
be found in the striatum, brain stem, hippocampus, and
substantia nigra on brain images acquired at 110 min after
injection (Fig. 3). These brain regions have been recognized
as being related to dopamine- (nigrostriatal pathway) and
serotonin (hippocampus and brain stem)-secreting neurons
(35). A recent publication demonstrated the ability to dif-
ferentiate healthy controls from PD subjects using '3F-AV-
133 targeting VMAT?2 (20). In addition, because uptake of
I8F-AV-133 in the brain was not restricted to the nigrostria-
tal system, possible applications for studying the serotonin
system relating to psychiatric disorders is also warranted.

CONCLUSION

This study showed that '8F-AV-133 is a safe PET tracer
for studying VMAT?2 in the brain and possibly in the pan-
creas. The peripheral distribution of '8F-AV-133 was con-
centrated mostly in the pancreas and liver. The radiotracer
was excreted mainly through the hepatobiliary system. At
the clinically practical administered activity (370 MBq), the
effective dose from 8F-AV-133 was 10.6 mSv, with a 4.8-h
voiding interval.
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