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Abstract. Purpose: Serotonergic brain regions play a
crucial role in the modulation of emotion, and serotonergic
dysfunction may contribute to several neurological dis-
orders. ['**I]JADAM is a novel SPECT tracer which binds
with high affinity to serotonin transporters (SERT). The ob-
jective of this study was to compare different methods for
the quantification of tracer binding and to develop a sim-
plified single-scan protocol for this tracer, as well as to
investigate its potential for characterisation of the trans-
porter occupancy versus plasma concentration curve of a
selective serotonin re-uptake inhibitor (SSRI).

Methods.: Dynamic SPECT scans were performed on 16
healthy volunteers after administration of ~150 MBq ['**I]
ADAM. Data were acquired from the time of injection
until ~5.5 h after injection in 30- or 45-min sessions. Each
subject was scanned twice: with and without pre-treatment
with the SSRI citalopram in various dosage regimens. The
plasma concentration of citalopram (C,) was determined
from venous samples. Images were reconstructed by fil-
tered back-projection with scatter and attenuation correc-
tion. Tracer binding was quantified for midbrain, striatum
and thalamus using cerebellum as a reference region.
Quantification was done by kinetic modelling, graphical
analysis and multi-linear regression, as well as by the ratio
method, with binding potential (BP,) as the outcome mea-
sure. The SERT occupancy by citalopram was determined
relative to the baseline scan for each subject, and the oc-
cupancy versus C, curve was fitted with the E,,,,, model.
Results: The highest binding of ['**IJADAM was in mid-
brain (mean baseline BP,+SD=1.31+0.29), with lower
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binding in thalamus (0.79+0.16) and striatum (0.66+0.13).
There was good agreement between BP, values obtained
by different quantification methods. Using the ratio meth-
od, the best agreement with kinetic modelling was ob-
tained with data from the time interval [200,260] min after
injection. The fitting of the midbrain occupancy curve
yielded a maximum occupancy of 84% and a plasma con-
centration required to reach 50% of the maximum of 2.5
ng/ml, with a goodness-of-fit variability of 13% (SD).
Conclusion: Binding of ['**T]JADAM to SERT in midbrain
can be quantified with a single scan starting 200 min after
injection. However, the variability of estimated occupancy
values may be too high for critical assessment of occu-
pancy of SERT by SSRI.
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Introduction

Serotonergic dysfunction may contribute to neurological
disorders such as depression [1, 2], obsessive compulsive
disorder [3], alcoholism [4], Parkinson’s disease [5],
Huntington’s disease, Pick’s disease and dementia of the
Alzheimer type [6, 7]. Serotonergic brain regions also play
a crucial role in the modulation of normal emotions.
Therefore non-invasive studies of this system in living
humans are scientifically important as well as clinically
relevant, and there is a great demand for highly selective
SERT radioligands for positron emission tomography
(PET) and single-photon emission computed tomography
(SPECT) [8].

['®IJADAM (2-((2-((dimethylamino)methyl)phenyl)thio)-
5-iodophenylamine) is a novel tracer that binds to serotonin
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transporters (SERT), with high affinity for SERT (Ki=0.013
nM) and very high selectivitg over the noradrenaline and
dopamine transporter [9]. ['**IJADAM is a safe and ef-
fective radiotracer for imaging serotonin transporters in
humans [10, 11]. The biodistribution of ['**[]JADAM in
animals and human studies appears to be consistent with the
known distribution of SERT binding sites in the brain [9, 11,
12]. In autoradiographic studies in rat and mouse brains, the
highest initial uptake of ['**IJADAM was found in the
dorsal raphe nucleus within the midbrain [13]. Human
studies consistently showed highest binding of ['*I]
ADAM in midbrain regions [10, 11, 14, 15]. High binding
levels were also found in thalamus [14, 15] and striatum [11,
14, 15]. In healthy volunteers, pre-treatment with citalo-
pram [a selective serotonin reuptake inhibitor (SSRI)]
resulted in reduced ['**IJADAM binding in midbrain
regions [16]. Studies in non-human primates showed that
quantification of ['**I]JADAM binding is possible without
arterial sampling, using cerebellum as a reference region
[17]. This was confirmed in a human study, in which
blocking with the SSRI citalopram led to displacement of
[123I]ZADAM in midbrain but not in cerebellum [18].
["*IJADAM may have the potential to be used to
investigate diseases that affect the serotonergic system or
drugs that act on SERT, either directly or indirectly. Our
goal was to contribute to the development of ['**IJADAM
as an imaging agent for quantifying serotonin transporter
blockade by drugs [19-21]. The specific objectives of this
study were to compare different methods for quantification
of tracer binding, to develop a simplified scanning protocol
and to investigate whether ['*IJADAM can be used ef-
fectively to characterise the transporter occupancy versus
plasma concentration curve for the SSRI citalopram.

Materials and methods

Subjects

A total of 16 healthy male volunteers entered the study. Fourteen
subjects were Caucasian, one was Afro-Caribbean and one was
South American in origin. Their mean (range) age was 32 (25-52)
years. Fifteen subjects consumed alcohol (1-14 units per week) and
seven subjects smoked tobacco (2—5 cigarettes per day). All serology
(for HIV, Hep B and Hep C), urinary drug screen and alcohol breath
test results were negative at screening. Routine biochemical and
haematological screening tests and urinalysis were done within 21
days before the first scan, and all results were acceptable. All subjects
gave written informed consent, and ethics committee approval was
obtained.

Drug treatment

Each subject who completed the study had two SPECT scans,
separated by at least 7 days. The first scan was a baseline mea-
surement, and the second was done after pre-treatment with the SSRI
citalopram. One subject (#8) was withdrawn after his baseline scan
owing to an accidental injury unrelated to the study. Citalopram

(Cipramil) is a highly selective SSRI that is in wide clinical use for
the treatment of depressive illness and panic disorder. The recom-
mended dose is 2060 mg daily. Citalopram has well-defined linear
and dose proportional pharmacokinetics over the range 10-60 mg,
has no metabolites with significant activity at SERT and has no or
very low affinity for other CNS receptors [22, 23].

Seven dosing regimens of citalopram were used: (a) 10 mg daily
for 2 days, (b) 20 mg daily for 2 days, (c) 40 mg daily for 3 days,
(d) 40 mg daily for 2 days and 60 mg on the third day, (¢) 60 mg
daily for 3 days, (f) 10 mg once and (g) 40 mg daily for 7 days.
These regimens were chosen to provide a suitable range of steady-
state citalopram plasma concentrations. The subjects were ran-
domised to receive one of the seven dose regimens of citalopram,
with the first five subjects spanning the first five regimens.

Subjects received potassium iodate tablets (170 mg daily) for 2
days before each scan and on the scan day to saturate the thyroid
gland.

Tracer

['**IJADAM injections were manufactured under GMP standards,
labelled and packed by MAP Medical Technologies Oy, Finland,
and shipped to England on the day before each scan (half-life of '**I:
13.2 h). Permission to administer radioactive tracers was obtained
from the United Kingdom Administration of Radioactive Sub-
stances Advisory Committee.

SPECT scanning

Dynamic SPECT data were acquired using a Prism 3000XP triple-
headed scanner equipped with a '>*Gd transmission source (Philips
Medical Systems, Cleveland OH, USA). The three detectors were
fitted with ultra-high-resolution fan-beam collimators. Primary
emission data were collected in a 15% wide energy window, centred
at 159 keV. Two 6% wide windows were placed either side of the
peak to detect scattered primary and high-energy photons. For
transmission data a 20% energy window, centred at 100 keV, was
used.

The average (+SD) amount of injected activity of ['*’IJADAM
was 152431 MBgq. The scanning protocol consisted of a series of five
or six imaging sessions of 30 or 45 min with breaks in between,
starting at the time of injection and continuing for ~5.5 h. In the last
session, transmission data were acquired simultaneously with the
emission data. On most of the scanning days (except for the first and
the last day), two subjects were scanned on the same day, with
interleaving of the imaging sessions. Each imaging session consisted
of several time frames, and the whole scanning protocol can be
described as follows for the first and the last subjects: [em 18x2.5
min, br 15 min, 4x(em 6x5 min, br 30 min), em+tr 2x15 min], where
em stands for emission data, 7 for transmission data and br for break.
For the rest it was: [em 12%2.5 min, br 40 min, 3%(em 6x5min, br 40
min), em+tr 2x15 min]. In one case (subject 6, baseline scan) the data
from the first acquisition session (0—-30 min p.i.) were lost owing to a
technical problem.

To allow intra-subject realignment of the images from each
session, four fiducial markers (containing ~0.1 MBq of '**I) were
placed on each subject’s head along the orbito-meatal line. The
markers also allowed correction for head motion between different
time frames within each scanning session.

Venous samples (5 ml) for the measurement of citalopram
concentration were taken immediately before the start and after the
end of the second scan. Plasma was separated by centrifugation.
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Data processing

All image reconstruction and processing was performed using in-
house software implemented in IDL 5.2 (Interactive Data Language,
Research Systems Incorporated, Boulder, CO, USA). Transmission
images were reconstructed using an ordered subsets implementation
of the convex maximum likelihood algorithm [24] with four
iterations and eight subsets. Emission data were corrected for scatter
using the triple energy window method [25]. Tomographic images
were reconstructed using filtered back-projection with a ramp filter
[26] into a 128%128x60 matrix with 2.03%x2.03%3.56 mm voxels. A
3D Butterworth filter [B(A=(1+(fig)*)"'] was applied to the
reconstructed images, with parameters p=4 and ¢=0.58 cm .
Attenuation correction was performed using two iterations of the
method proposed by Chang [27]. The final resolution of the images
was ~11 mm (full-width at half-maximum). The centroid positions of
the fiducial markers were used to realign images from different
sessions using a six-parameter (three translation and three rotation)
rigid body transformation, by minimising the mean-square difference
in the marker positions. We have estimated the accuracy of this
realignment procedure to be ~1.5 mm, with a maximum error of
<3 mm.

Scanner calibration

A calibration scan was performed with a 20-cm-diameter cylindrical
phantom filled with a uniform solution of '*’I. The activity
concentration in the phantom was determined from the known
volume and the total activity (~50 MBq), as measured with the same
well counter (Capintec 120R) as was used for measuring the ['*°I]
ADAM doses. The phantom data were reconstructed as described
above and a calibration factor was determined for the purpose of
estimating absolute activity concentration in the human studies.

Data analysis

An ['**I]JADAM template was generated using data from the baseline
scans of the first five subjects. The attenuation map from each subject
was used to determine nine realignment parameters (three rotation,
three shift and three scaling parameters) relative to one of the subjects
(#5). The realignment parameters were applied to the integrated
emission images, and an average of the five images was obtained to
be used as a template. This template was originally created for an
initial evaluation of the five first data sets, but was later used for all
subsequently acquired data as well.

Three-dimensional volumes of interest (VOIs) were drawn
manually [as a series of two-dimensional regions of interest (ROIs)
in consecutive planes] on the template for the following brain
regions: cerebellum (Cer), striatum (Str, including head of caudate
and putamen), thalamus (Thal) and midbrain (MB).

For the purposes of analysis, the VOIs were overlaid on each
subject’s SPECT data by an inverse transform procedure using
attenuation map realignment parameters derived as described above.
Bilateral hemispheric regions were averaged to yield a single
estimate for each region per subject.

In addition, a second set of VOIs were generated by manually
drawing them on the baseline scan of each subject. These VOIs were
transferred to the post-citalopram scan using a six-parameter rigid
body transformation, employing parameters determined by realign-
ment of the two transmission scans on each subject. The second
method of generating VOIs is less susceptible to realignment errors,
while the first is less operator dependent. We also created whole-
brain VOIs for estimation of whole-brain uptake of the tracer.
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Tracer binding

The total brain uptake was estimated by calculating the ratio of the
maximum value of the total brain activity divided by the injected
activity.

Tracer binding was quantified by using cerebellum as a reference
region, assumed to be devoid of SERT. Four different methods were
investigated for quantification of ['**[JADAM binding: simplified
reference tissue modelling (SRTM) [28], graphical analysis (GA)
[29, 30], multi-linear regression (MLR) [31] and the ratio method
(RM). The first three methods are kinetic analysis methods, based on
dynamic data acquisition and an indirect input function obtained
from cerebellum. SRTM was regarded as the “gold standard”. GA
and MLR can be useful for voxel-based analysis and production of
parametric images. RM requires only a static scan, and was evaluated
with the aim of developing a more patient-friendly scanning protocol.

The outcome measure from the kinetic methods was binding
potential, defined as BP, = f5°B..x/Kp, where f; is the free fraction of
tracer in tissue, B, is the concentration of available binding sites
and Kp is the equilibrium dissociation constant [32]. BP, is also
known in the literature as V3".

SRTM has three free parameters: the relative plasma-to-tissue
tracer delivery rate constant (R;), the tissue-to-plasma transfer rate
constant (k) and BP,. The number of free parameters in the other
methods are 3, 2 and 1 for MLR, GA and RM, respectively. MLR
was applied both on VOI data and on a voxel-by-voxel basis. To
allow comparison of these two approaches, we calculated the aver-
age of the BP, values (BP, ,,x) of all voxels within each VOI used
(BP2,vor).

With RM, binding potential was calculated as follows:

_Ar(t:t+ Ar)
BPry(2) RGTEY N 1 (1)

where Ar(#,:t;) and Ar(#;:t,) are the mean activity concentrations
in the time interval [f1,£,] in the target and reference region, re-
spectively. BPry; was calculated for a series of time points, ¢, ranging
from 90 to 240 min p.i. A¢ was in all cases 60 min (which was the
scanning time of choice for a single-scan protocol to be used in
subsequent studies with this tracer). Since these time intervals would
not exactly match the actual data acquisition, linear interpolation was
used in the measured time-activity curves (TACs).

The different quantification methods were compared using
correlation analysis.

Drug occupancy

Occupancy (E) of SERT by citalopram was calculated as follows:

~ 5BP, —PBP,

b= BBP, 2

where BBP, and PBP, are the BP values obtained from the baseline
and post-citalopram scan, respectively. The estimated occupancy
values were fitted to an E,,,, model, described as follows:

_ Egmax Cp (3)
50 +Cp

where Ep. is the maximum occupancy, C, is plasma drug con-
centration and ECsy is the plasma drug concentration needed to reach
50% of Ena.x. The goodness-of-fit was estimated as the standard
deviation (SD) of the residuals.

We also investigated a method for improved estimation of drug
occupancy by simultaneous modelling of the baseline and post-drug
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Fig. 1. TACs for cerebellum (diamonds) and midbrain (squares).
The solid curve represents the SRTM fit

data, under the assumption that R; and k, were constant between the
two scans, thereby reducing the total number of free parameters from
six to four.

Handling of dropouts

The data from the subject who had only a baseline scan were used in
the comparison of different methods for estimating the binding
potential of ['>*IJADAM. For the one scan in which partial data loss
occurred, kinetic analysis was not possible. However, binding
potential was estimated by the ratio method, and data from this
subject were included in the drug occupancy versus plasma con-
centration analysis.

Results
The results obtained with the two different sets of VOIs

were very similar. All results presented here were obtained
with the second set of VOIs.

2.0 7

-
o

BP (voxel-based)
5

0.5 o MB —
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o Thal
0.0 1
0.0 0.5 1.0 1.5 2.0

BP (VOl-based)

Fig. 2. Voxel-based versus VOI-based MLR analysis. BP, values
from all subjects and all regions are included (diamonds, midbrain;
triangles, striatum; circles, thalamus)

Tracer uptake

The average total brain uptake (+SD) of ['**IJADAM in the
baseline scans was 4.1+0.8% of the injected activity. The
highest tracer uptake was in midbrain. There was con-
spicuous uptake in thalamus and striatum, but lower than in
midbrain. The average baseline binding potentials in the
different regions were as follows (BP,xSD): 1.31+0.29
(MB), 0.79£0.16 (Thal), 0.66+0.13 (Str).

Fig. 3. Parametric BP, images, averaged over 14 subjects: a baseline
scan, b post-citalopram scan. Transaxial (bottom right), coronal
(top) and sagittal (bottom left) sections are shown, all normalised to
the same maximum value
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Figure 1 shows an example of TACs obtained in the
baseline scan of one subject. TACs for cerebellum and MB
are shown, as well as an SRTM fitted curve. (In general the
measured TACs were a bit noisier than this.)

Tracer binding
There was a good agreement and correlation between BP,

values obtained with SRTM and with MLR. For the MB
region the following relation was found:

BP2yir = 1.01 - BP2 sy + 0.0017 (R* = 1.00)

There was also good correlation between SRTM and GA:
BP;,G4 = 0.89 - BPy sgpy + 0.010(R* = 0.97)

However, in this case the agreement is not as good as for
MLR, since the slope is not as close to 1.There was a good
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05 e
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BP_SRTM

Fig. 5. BP values for midbrain obtained by RM for the time interval
[200,260] min p.i. versus those obtained by SRTM
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agreement between voxel-based and VOI-based MLR
analysis (Fig. 2). The relation between the two approaches
was:

BP; yox = 0.99 - BP; yor + 0.006(R2 = 0.88)

Figure 3 shows parametric BP, images generated by
MLR, averaged over 14 subjects after realignment based on
parameters determined using the transmission maps. Both
the baseline and the post-citalopram scans are shown.

Figure 4 shows the results of the correlation analysis
comparing SRTM and RM in the MB region, including
intercept of the regression line as well as the correlation
coefficient (R?), as a function of the starting point, ¢, of the
RM time interval (Eq. 1). The intercept curve reaches a
minimum at /=200 min, at which point R? is still close to its
highest value. This means that the optimum time interval
for the static scan protocol is [200,260] min p.i. Figure 5
shows BP values obtained by RM with data from this
interval versus those obtained by SRTM for the MB region.
The relation was:

BPryr = 1.39 - BP3 sprr + 0.0049(R* = 0.92)

Occupancy

Figure 6 shows SERT occupancy as a function of plasma
concentration of citalopram for MB. The occupancy in
both regions shows an initial rapid increase and then
plateaus at ~80%. The fitted curves do not match the data
very well, and the variability is large. The estimated curve-
fit parameters were: FE,,,=84.0%, ECs5,=2.47 ng/ml,
SD=13.3%. Using the simultaneous fitting approach, the
variability was reduced slightly (20% relative).

100
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50 ’/
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30 /‘
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Citalopram plasma conc. (ng/mL)

100

Fig. 6. SERT occupancy as a function of plasma concentration of
citalopram for midbrain
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Discussion
Methodological considerations

Scatter correction amplifies noise and is often omitted from
SPECT data processing. However, it has been shown that
scatter correction can be important for the quantitation of
dynamic SPECT studies using '**I-labelled tracers [33, 34],
and it was thus included in the present study.

The main outcome measure in this study was occupancy
of SERT by citalopram, defined as the relative change in
the concentration of available binding sites (B.x) after
administration of the drug. For the purpose of estimating
occupancy it is, however, not necessary to obtain absolute
quantification of B,,,. In this study, the calculations were
based on measured values of the binding potential BP,=f5
Bnax/Kp, where f5 and K were assumed to be constant and
would therefore cancel out in Eq. 2, resulting in unbiased
occupancy values.

In the comparison of different methods for estimating
binding potential, we assumed that SRTM was the most
robust and reliable of the methods used, although it may
not be a true “gold standard”. However, any multipli-
cative factors influencing the BP, values would cancel
out in the occupancy calculation, in the same way as f;
and Kp. An additive term would, on the other hand, not
cancel out but result in biased occupancy estimates. That
is why, in the determination of the optimum scanning
period for the single-scan protocol, it was important to
minimise the intercept in the correlation of RM- and
SRTM-determined BP, values.

The occupancy determination would be sensitive to
differences in VOI between the two scans for each subject.
Nowadays it is common practice to generate ROI or VOI
based on co-registered MRI images of each subject. In the
present study, MRI data were not available, so the VOIs
were drawn directly on the SPECT images. Since that
procedure may be susceptible to errors, we used two
different procedures as described above. The results from
these two methods were very close, which makes it less
likely that our estimated occupancy values would have
been affected by VOI errors to any great degree.

We investigated the graphical methods GA and MLR,
which are less time consuming than SRTM and therefore
useful for voxel-by-voxel analysis. It has been reported that
MLR suffers from a noise-dependent bias [35], which
would make it unsuitable for voxel-based analysis. Our
results showed good agreement between MLR and SRTM
and also between voxel-based and VOI-based MLR anal-
ysis, indicating that this method is suitable for production
of parametric images of ['**IJADAM.

Tracer binding
The average total brain uptake obtained in this study (4.1+

0.8%) is in close agreement with the value of 4% reported
by Kauppinen et al. [10].

We determined the optimum scanning time period for a
single-scan protocol to be 200—260 min p.i. This is similar
to what has been reported by other groups, i.e. 210 min p.i.
[36] and 180-360 min p.i. [15], although one group chose
an earlier time period, 150-210 min p.i. [14], which,
according to our data, might lead to biased results.

The maximum occupancy of SERT by citalopram
estimated here (E,,,,=84%) is close to the value of 80%
reported for SERT occupancy by clinical doses of citalo-
pram in an [''C]DASB PET study [37].

Our main concern regarding the present results is the
large variability in the calculated occupancy values and the
poor agreement with the E ., model. Several clinical
studies using ['**I]JADAM have reported negative findings
(no difference between patient and control groups), which
have been attributed to large inter-subject variability in
tracer binding [38—41]. Inter-subject variability could be
related to age [42] or genetic factors [43]. In this study each
subject was used as his own control; therefore the cal-
culated occupancy values should not be influenced by
inter-subject variability in tracer binding, but would be
affected by intra-subject (test—retest) variability. Catafau et
al. [15] reported a test-retest variability of 25-37% for
['*IJADAM binding in midbrain in humans. This could
explain the variability in our results, but it does not agree
with the test-retest value of ~5% obtained in non-human
primate studies with ['®IJADAM [17]. A possible
explanation for the discrepancy, and also for the above-
mentioned large inter-subject variability in ['*IJADAM
binding, could be the presence of variable amounts of
labelled lipophilic metabolites. Estimation of tracer binding
can be seriously compromised by lipophilic metabolites
crossing the blood—brain barrier (BBB) [44, 45]. Highly
variable metabolism was reported in a non-human primate
study, although the labelled metabolites were not lipophilic
and should therefore not cross the BBB [17]. However, in a
study with ['*IJADAM in humans, a labelled lipophilic
metabolite was detected in two out of six subjects [18].
Clarification of this issue will be important for future
studies with this tracer.

Conclusion

Quantitative binding estimates of ['**IJADAM can be
obtained using the ratio method with static data from a
single scan at 200-260 min p.i. Parametric images of ['**1]
ADAM can be obtained by voxel-based multi-linear re-
gression analysis of dynamic data. The estimated SSRI
occupancy of SERT versus plasma drug concentration
curves showed a high degree of variability, which could
make this tracer less useful for studies where a detailed
dose-response assessment is critical, although it might still
be used to assess whether putative SSRIs achieve maximal
occupancy at therapeutic doses.
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