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Abstract: 5-iodo-3-(2(S)-azetidinylmethoxy)pyridine (5-[**I]iodo-A-85380) is a novel ra-
dioligand for brain nicotinic acetylcholine receptors (nAChRs), having demonstrated high
specific binding to nAChRs and favourable properties for in vivo imaging. The purpose of
this study was to evaluate different tracer kinetic modelling strategies for the quantification
of regional nAChR binding in baboon brain using dynamic single-photon emission computed
tomography (SPECT). Imaging studies were performed on two anaesthetised baboons. The
radioligand (397+43 MBq) was infused into the animals over 2 min and dynamic SPECT
images were acquired for 3 hr. The plasma input function was determined from arterial blood
samples with metabolite correction. The data were analysed using 2- and 3-compartment
models. Reliable fits could be obtained with a 3-compartment model which provided signifi-
cantly improved fitting as compared to the 2-compartment model, despite poor identifiability
in some parameters. The 2-compartment model failed to fit the data adequately even though
the identifiability of parameters was high. The 3-compartment model described the data well,
and with the strategies used to obtain reliable fits, is the model of choice for analysis of
5-[*2%1]iodo-A-85380 kinetics. Copyright © 2002 IFAC
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1. INTRODUCTION and Parkinson’s diseases (Perry et al., 1995). These
Neuronal nicotinic acetylcholine receptors (NAChRs) receptors are also involved in different CNS func-
are thought to play an important role in tabacoo depen- tions, for instance, learning and memory (Levin and
dence (Corrigall et al., 1992) and are affected in vari- Rose, 1995). In vivo studies of nAChRs, however,

ous neurodegenerative conditions such as Alzheimer’s ~ have been limited by the lack of suitable radiotrac-

ers for imaging. Initial attempt to study nAChRs in
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for quantitative in vivo studies (Nyback et al., 1994).
Current research efforts have focused on development
of new, highly specific and selective nAChR radioli-
gands that are capable of localising NAChRs in vivo
with high affinity. The discovery of epibatidine, a po-
tent nAChR agonist, has stimulated development of
nAChR radioligands with favourable properties for
imaging with PET and single-photon emission com-
puted tomography (SPECT). However, the high tox-
icity of epibatidine-related compounds may preclude
their use in human studies (Molina et al., 1997).

A series of 3-pyridyl ether compounds possessing sub-
nanomolar affinity for nAChRs with reduced toxic-
ity profile has been reported recently. One of these
compounds, 3-(2(S)-azetidinylmethoxy)pyridine (A-
85380) possesses high affinity for a4f32 nAChRs
in human. It has been labelled with iodine-123 (5-
[1%1]iodo-A-85380) and demonstrated high specificity
and selectivity for nAChRs in mouse brain in vivo,
with low acute toxicity (Musachio et al., 1998). 5-
[1%1]iodo-A-85380 has also been used in SPECT
imaging of nAChRs in Rhesus monkey and Papio
anubis baboon (Chefer et al., 1998; Musachio et
al., 1999). We have recently described our methodol-
ogy for imaging nAChR binding using 5-[*%I]iodo-
A-85380 and SPECT and reported the first in vivo
imaging of nAChR upregulation in response to chronic
(-)-nicotine treatment in baboon (Kassiou et al., 2001).
The aim of this study was to investigate different tracer
kinetic modelling strategies for the quantification of 5-
[1%1]iodo-A-85380 in baboon brain using SPECT.

2. METHODS
2.1 Radioligand synthesis

Full details of 5-[*?%1]iodo-A-85380 synthesis have
been described previously (Kassiou et al., 2001).

2.2 Animal Preparation

The study procedures were approved by the Central
Sydney Area Health Service Animal Welfare Commit-
tee. Two adult male Papio hamadryas baboons were
studied pre- and post-chronic treatment with saline
or (-)-nicotine. The (-)-nicotine treated baboon (Evan)
weighed 23.6 kg and the weight of the saline con-
trol baboon (Max) was 21.3 kg. After the baseline
imaging study for the baboons, subcutaneously im-
planted osmotic pumps (Alzet 2ML2, Alza Corpo-
ration, Palo Alto, CA, USA) were used to infuse a
saline solution of (-)-nicotine tartrate (2 mg/kg/24hr)
for Evan and saline for Max, continuously during a 14
day period. Prior to pump implantation, animals were
anaesthetised with ketamine (5-8 mg, intramuscular
injection). Venous blood samples were taken from both
animals at baseline, 2 days, and 15 days after pump
implantation, and 7 days after the pump had been re-
moved for Evan. Plasma samples were then analysed
to determine the levels of (-)-nicotine and cotinine in
plasma.

2.3 Data Acquisition

The experimental conditions and injected dose are
summarised in Table 1. Animals were anaesthetised
with ketamine (5-8 mg, intramuscularly), and anaes-
thesia was maintained throughout the study by infu-
sion of ketamine (13 mg/kg/hr). Baboons were placed
in a Trinoix Triad XLT triple head gamma camera
(Trionix Research Laboratory, Twinsburg, OH) and
the head was immobilised in the head holder using
a thermoplastic mask. A 15-min transmission scan
with a line source filled with ®MTc at the focus of a
long focal length (1140 mm) fan beam collimator was
performed prior to tracer administration and was used
for photon attenuation correction. Dynamic emission
SPECT imaging was performed with ultra high reso-
lution, low energy (UHR-LE) short focal length (480
mm) fan beam collimators fitted to all three detectors.

Dynamic emission data acquisition and arterial blood
sampling were commenced simultaneously with the
start of a 2 min infusion of the ligand using a syringe
pump. Data were sampled every 30 s at the beginning
and were gradually extended to every 5 and 10 min
for a total data acquisition time of 3 hrs. Data were
collected into 128x64 projection images (pixel size
= 3.6 mm x 3.6 mm) with continuous rotation and
binning into 60 projections for a complete rotation.
The 30 s frames were integrated into 1 min frames
for further processing. Fan beam data were rebinned
to parallel beam data with a zoom of 1.6, resulting in
a final isotropic reconstructed voxel size of 2.2 mm x
2.2mm x 2.2 mm.

2.4 Plasma Metabolite Analysis and Input Function

Avrterial blood samples were taken throughout the
study. The samples were centrifuged for 5 min at 5000
rpm to separate plasma for counting in an automated
Nal well counter which was cross calibrated with the
SPECT system by counting aliquots of a phantom
filled with a 1231 solution of known activity and by ac-
quiring and processing SPECT studies of the phantom
on the gamma camera similar to the baboon studies.
Aliquots of plasma samples taken at 2, 5, 10, 15, 30
and 180 min were used to determine the metabolite
fraction in plasma by acetonitrile denaturation fol-
lowed by TLC. The measured unmetabolised fractions
were fitted with a dual exponential function and all
plasma sample counts were corrected for metabolites
using the fitted curve. The metabolite corrected data
were decay corrected and cross calibrated to produce
the input function for kinetic modelling.

2.5 Image Analysis

Emission data were corrected for scatter using trans-
mission dependent scatter correction (Narita et al.,
1997) and reconstructed using the ordered-subset
expectation-maximisation (OSEM) iterative (2 itera-
tions, 20 subsets) reconstruction algorithm (Hudson



Table 1. Experimental conditions and injected dose for the treated baboon (Evan) and the
control baboon (Max).

Study Experimental condition Dose injected

Evan,.ine  Baseline, prior to any treatment 400 MBq

Evancoine  ENd of chronic (-)-nicotine treatment, pump removed at end of scan 447 MBqg

Evanpostl Day 7 post (-)-nicotine trestment and pump removal 392 MBq

EvanpOStZ Week 5 post (-)-nicotine treatment and pump removal 390 MBq

MaX, ine  Baseline, prior to any treatment 434 MBq

MaXyine Day 15 of sdline treatment, pump removed at end of scan 324 MBq

B og1 Week 4 post saline trestment and pump removal 197 MBq

and Larkin, 1994). Attenuation was corrected with
attenuation maps derived from the transmission scan. |
The reconstructed images were then convolved with a "13 K
three-dimensional Gaussian kernel with a full-width at c Sallle 3 c
half-maximum of 3.7 mm. The resultant SPECT im- P K, fens K, s

ages were cross calibrated with the Nal well counter.
One of the baseline studies was selected as a reference
study for each baboon and was resliced along planes
parallel to the orbito-meatal line. The other studies
were coregistered to the resliced reference study using
an automated image registration algorithm (Eberl et
al., 1996). Volumes of interest (VOIs) were placed
manually on the frontal cortex and cerebellum in the
summation of the first 40 min of the reference study
images and were applied to all coregistered studies.
The thalamus VOIs were automatically defined by tak-
ing the highest 300 connected voxels in the summation
of the images acquired from 150 to 180 min post radi-
oligand infusion. Automated VOI delineation failed in
the nicotinic treatment study, where thalamus uptake
was not prominent. The thalamus VOI in the reference
study was applied instead.

2.6 Compartmental Model Fitting

Tissue time-activity curves (TACs) generated for each
VOI were investigated with both 2-compartment and
3-compartment models using nonlinear least squares
fitting and the metabolite corrected input function,
under the assumptions that labelled metabolites in
the plasma do not cross the blood-brain barrier and
that there are either low amount of metabolites pro-
duced in the brain and/or they egress rapidly from
the brain, similar to the non-specific uptake. There-
fore the labelled metabolite in tissue is negligible.
Figure 1 shows the structures of the 3-compartment
and 2-compartment models. Rate constants (K, k,,
kj, kg, and k,) were estimated by model fitting and
cerebral blood volume was assumed to be 5% in all
regions. The volume of distribution (V,), the binding
potentials, BP, (Mintunetal., 1984), and BP, (Laruelle
et al., 1994) for the 3-compartment model were calcu-
lated according to the following equations:

K k
vV, = 1L (1+ —3) (1)
a7 k, k,
k
BP, = k—j )
gp, — K1k 3)

() 3-compartment model

Ky
c c

p : T
I(2

(b) 2-compartment model

Fig. 1. Kinetic models used in compartmental model
fitting. Cp, arterial plasma concentration; C;_ .,
concentration of free and non-specifically bound
ligand in tissue; Cs, concentration of specifically
bound ligand in tissue; C, total activity concen-
tration in tissue.

BP, is claimed to represent the ratio of the two tis-
sue compartment volumes. BP, has been shown to
represent the volume of the specific binding compart-
ment (Laruelle etal., 1994). However, it explicitly con-
tains the tracer delivery and influx rate constant (K;)
which may confound the results, particularly when K,
is affected by the treatment. The following equation
was used to calculate the volume of distribution (V)
for the 2-compartment model:
K

Va=1 “)
2
but the binding potential could not be determined for
this model.

As highlighted by Fujita et al. (2000), reliability of
fitting the 3-compartment model can be problem-
atic. The following strategies were thus employed to
constrain the 3-compartment model fit: (1) The 2-
compartment model was always fitted first and the ini-
tial values for the 3-compartment model were derived
from the parameters obtained from the 2-compartment
model fit. (2) The residual sum of square (RSSQ)
from the 3-compartment model fit had to be less than
1.1xRSSQ of the 2-compartment model fit. (3) V,
for 3-compartment model fit was constraint to be less
than two times the V, estimated by the 2-compartment
model fit. (4) The mean parameter values of the 100
bootstrap Monte Carlo realisations provided improved



2500

2000

Cerebellum
[ ] Frontal Cortex
A Tholamus
----- 2-compartment fit
3—compartment fit

1500

100014

500

Calibrated Counts (cnts/min/ml)

o} 50 100 150 200

Time (min)

Fig. 2. Plots of tissue TACs for the cerebellum, frontal
cortex, and thalamus in Evanyi..» and their cor-

responding 2- and 3-compartment model fits.

estimate of parameters. Given a curve of n data points,
for each of bootstrap Monte Carlo iteration, n points
are randomly selected from the curve and the model
is fitted to the n randomly selected points. As the n
points are randomly selected, some of the points from
the original data set will be duplicated while others
will not be selected. The points which are duplicated
and not selected will vary randomly for each itera-
tion (Press et al., 1992).

2.7 Statistical Analysis

The standard deviations (SD) of the rate constants and
macroparameters (V§, V4, BP, and BP,) were derived
from the bootstrap Monte Carlo technique with 100
iterations. The identifiability of the parameter is de-
fined by the coefficient of variation (CV), which is
defined as the ratio of SD to the value of the param-
eter estimate. To statistically compare the adequacy of
the model fits, the F-statistic (Landaw and DiStefano,
1984), the Akaike Information Criterion (Akaike,
1974) and the Schwarz Criterion (Schwarz, 1978) were
computed for each model configuration. For the F-
statistic, the null hypothesis that the lower-order model
(2-compartment model in this study) fits the data better
is rejected if the probability is less than an acceptable
level (P < 0.05 was chosen). As for the Akaike In-
formation Criterion (AIC) and the Schwarz Criterion
(SC), the model configuration with the lowest score
is preferred. Nonparametric run test was also used to
test whether the residuals between the measurements
and the fitted data points were randomly distributed
above zero. Differences with P < 0.05 were considered
statistically significant.

3. RESULTS AND DISCUSSION

Figure 2 shows the tissue TACs of the cerebellum,
frontal cortex and thalamus for one of the base-
line studies (Evan,,yine)- The corresponding 2- and
3-compartment model fits are also shown. The in-
creased uptake and retention of 5-[1231]iodo-A-85380
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Fig. 3. Plot of tissue TACs for the frontal cortex in Max
at baseline level (Maxoyie)- Corresponding 2-
and 3-compartment model fits are also shown.

in the thalamus as compared to the other regions are
clearly evident. The regional distribution of the radi-
oligand was also consistent with the known densities
of nNAChRs in baboon brain (thalamus > frontal cortex
> cerebellum). It was apparent that 2-compartment
model failed to fit the data adequately, as shown in this
figure.

Tables 2 and 3 summarise the compartmental model
fitting results for both 2- and 3-compartment mod-
els. The CV of the parameters estimated with the 2-
compartment model in all cases was <10% except
the thalamus curve of Max ..y Where the CV of k
was 13%. The reliability in estimating K, using the 3-
compartment model was reasonable, with CV <10%
for all fits. The CV of the rate constant parameters es-
timated with the 3-compartment model, was generally
higher (i.e. lower reliability) as compared to the cor-
responding 2-compartment model fitting. Some high
correlations (r = 0.95) between parameters were ob-
served with the 3-compartment model fits but r > 0.9
was also seen between parameters in 2-compartment
model fits. The high correlations between and low
reliability of the rate constant parameters suggested
that more than 3 compartments would not be able to fit
the data. This is in agreement with the recent findings
of Fujita et al. (2000) despite the differences in radi-
oligand administration protocol. Therefore, no attempt
was made to fit more than 3 compartments.

The bootstrap Monte Carlo estimate of the macropa-
rameters, V, V{j, BP, and BP, and their SDs are tabu-
lated in Tables 2 and 3. The correspondence between
V4 and V4 was very good (Vg = 0.98V,—0.01; r = 0.99).
A reduction in V4 and V§ was observed in all regions
during (-)-nicotine treatment (Evan,;....) as com-
pared to the mean of the baseline studies (Evan,yine:
Evanpostz, MaX, . cdine M gines Maxpostl): 31% in
the cerebellum, 33% in the frontal cortex, and 57%
in the thalamus for V. The variability of BP, was
found to be as high as 46% and this was because of
the low reliability in estimating k, to k, which are
highly correlated. The reliability of BP, is generally



Table 2. Parameter estimates obtained from 2-compartment model fit for the treated baboon
(Evan) and the control baboon (Max).

2-compartment model "

Study K, (mi7mi/min) K, (I/min) Vi AIC SC
Cerebellum
Evan.cdine 0.176+0.004 0.025+0.001 714+£0.05 3099 3140*
Evani otine 0.197+0.007 0.038+0.001 526+0.05 357.3 3615*
EvanpogIl 0.193+0.005 0.017+0.001 11.65+0.16 3812 3854*
EvanpOStz 0.188+0.006 0.021+0.001 880+0.09 3951 399.3*
M&X dine 0.203+0.015 0.026+0.002 7.70+£0.18 1954 198.0*
Sine 0.223+0.012 0.031+0.002 713+0.11 3798 384.0*
MaxpOStl 0.303+0.018 0.048+0.003 6.37+0.09 4148 4190
Frontal Cortex
Evan.cdine 0.179+0.004 0.021+0.001 867+0.09 3262 330.2*
Evani otine 0.188+0.004 0.030+0.001 6.32+£0.03 3039 308.1*
VaN o1 0.188+0.004 0.015+0.001 12.98+020 3585 362.7*
EvanpOStz 0.187+0.003 0.016+0.000 11.49+0.09 3177 321.9*
MaX dine 0.253+0.010 0.029+0.001 872+0.18 1580 160.6*
Kgine 0.214+0.005 0.023+0.001 939+0.13 3761 380.3*
MaxpogIl 0.257+0.009 0.030+0.001 855+0.14 3879 392.1*
Thalamus
Evan dine 0.205+0.004 0.0104+0.000 21.06+0.37 3336 337.7*
Evan;icqtine 0.222+0.005 0.024+0.001 928+0.11 3818 386.0
EvanpOStl 0.237+0.003 0.007+0.000 34.92+0.72 3149 319.1*
Evanpog12 0.226+0.004 0.009+0.000 25.82+045 3379 3421
MaXseine 0.250+0.020 0.012+0.002 21.81+128 1688 171.4*
M&Xine 0.221+0.005 0.011+0.000 21.14+046 3833 3875*
MaxpogIl 0.265+0.009 0.017+0.001  15.87+041 4115 4157*

Values are expressed as mean=+ SD.

T Parameter value and SD are derived from bootstrap Monte Carlo technique.
* Nonparametric run test rejects the hypothesis of randomness (P < 0.05).

Table 3. Parameter estimates obtained from 3-compartment model fit for the treated baboon
(Evan) and the control baboon (Max).

3-compartment model T

Study K (mi7mifminy K, (I/min) K, (Tmin) K, (Tmim) v, BP; BF, ATC SC
Cerebellum
Evan, . ine 0.222+0.012 0.071+£0.020 0.068+0.037  0.052+0.008 7.23£0.05 1.27+0.55 387+0.78 2955 303.6
Evanni cotine 0.217+0.010 0.052+0.008 0.0144-0.009 0.050+0.006 5.31+0.05 0.28+0.13 1.13+0.32 351.0 359.3
e 0.246+0.012 0.063+0.015 0.083+0.022 0.042+0.005 11.91+0.15 2.02+0.57 7.85+0.67 360.2 3685
Evanpostz 0.235+0.020 0.057+0.012 0.051+0.011 0.045+0.011 899+0.11 1.16+0.31 475+£057 3742 3825
Maxbaseline 0.273+0.022 0.065+0.005 0.03440.007 0.038+0.005 7.94+0.29 0.89+0.15 3.72+0.39 188.5 193.6*
Hegline 0.268+0.022 0.059+0.013  0.024+0.012  0.040+0.007 7.30+£0.12 0.60+0.21 267+£049 3544 3628
Maxposxl 0.350+0.033 0.075+0.016 0.020+0.013 0.0474+0.028 6.59+0.41 0.40+0.17 1.83+0.58 402.9 411.3
Frontal Cortex
Evanbaseline 0.228+0.020 0.059+0.011 0.051+0.008 0.0414-0.008 8.91+0.10 1.27+£0.27 4.944+0.45 293.1 301.2
Evan; iine 0.238+0.008 0.073+0.010 0.054+0.015  0.056-0.005 6.39+0.04 0.94+0.20 3.06+0.36 2656 2739
C 0.228+0.009 0.053+0.005  0.093+0.009  0.045+0.005 13.23+0.20 2.05+0.21 8.88+0.37 3305 3389
EvanpoSl2 0.239+0.014 0.060+0.013 0.078+0.019 0.0414+0.007 11.77+£0.11 1.96+0.51 7.67+0.75 272.7 281.1
MaX . qine 0.299+0.018 0.0524+0.004  0.024+0.004  0.046+0.006 8.88+0.16  0.53+0.09 306+0.32 1532 1584*
Hgline 0.274+0.022 0.062+0.010 0.046+0.005  0.040+0.008 9.65+0.13  1.17+0.22 515+055 3595 367.9
Maxposxl 0.309+0.014 0.057+0.004 0.0244-0.005 0.039+0.005 8.77+0.14 0.61+0.09 3.30+0.33 365.3 373.7*
Thalamus
Evanbaseline 0.244+0.007 0.056+0.005 0.158+0.019 0.041+0.004 21.53+0.34 3.89+0.41 17.08+0.66 3131 321.2
Evan,icoiine 0.279+0.015 0.069+0.017 0.074+0.030  0.056+0.009 9.37+£0.13 1.30+0.45 513+0.84 3734 3818
anpostl 0.270+0.004 0.052+0.003 0.251+0.013 0.043+0.003 34.43+0.72 5.86+0.44 30.25+0.84 307.0 3154
Evanpoaz 0.263+0.006 0.052+0.005 0.186+0.015 0.044+0.004 26.27+0.45 4.22+045 21.20+£0.73 3283 3367
MaX edline 0.281+0.017 0.051+0.004 0.134+0.023 0.042+0.004 23.03+0.84 3.20+043 1750+1.11 1649 170.1*
Kgine 0.261+0.008 0.053+0.004 0.146+0.010 0.0444-0.004 21.584+0.43 3.344+0.30 16.59+0.58 374.0 3824
X ost1 0.329+0.020 0.056+0.008 0.075+0.012 0.043+0.008 16.30+0.47 1.79+£0.35 10.37+£0.95 4025 4108

Values are expressed as mean=+ SD.

T Parameter value and SD are derived from bootstrap Monte Carlo technique.

* Nonparametric run test rejects the hypothesis of randomness (P < 0.05).

better than that of BP,, with CV <20% except for the

cerebellum curves of Evan, stine and Maxpostl.

The randomness of the data point distribution above
the fitted curve was tested by the nonparametric run
test. With the exception of the thalamus curves during
nicotine treatment (Evan,;.ine) @nd post-(-)-nicotine
treatment (Evan, ,), and the cerebellum curve of
Maxpostl, the hypothesis of randomness was rejected
for all other 2-compartment model fits. As for 3-
compartment model fitting, the hypothesis was re-
jected in Max at baseline level (Max, i) and the

frontal cortex curve of Maxpostl. Figure 3 shows
the fitted curves obtained for the frontal cortex of
MaXy iner Where the hypothesis of randomness was
rejected for 3-compartment model fit. Inspection of
the plot showed that the results were not caused by
the inadequacy of the 3-compartment model but the
problem with the data. There were technical problems
during the synthesis of the radioligand for the study
of post saline treatment in Max (Max 4q), as the
administered activity was only about half that of the
other studies (Table 1), which may possibly account
for the atypical results seen with the frontal cortex



curve, although it is not clear whether these technical
difficulties could have affected the tracer kinetics and
the observed differences. To test the hypothesis of 3-
compartment model fit provides a significantly better
fit to the data over 2-compartment model fit, the F-
statistic was applied and it suggested that the hypoth-
esis could not be rejected in all cases. This finding
was also supported by the AIC and SC, as presented
in Tables 2 and 3.

4. CONCLUSIONS

Our results demonstrate that, with the modelling
strategies used, reliable fits could be obtained with a
3-compartment model which provided a significantly
improved fitting as compared to the 2-compartment
model, despite poor identifiability in some parameters.
Adequate reliability for the K, and macroparameterV,
was obtained with the 3-compartment model. The 2-
compartment model failed to fit the data completely
and hence introduced biases, in particular, the K, es-
timate compared to the 3-compartment model. The
higher reliability of the 2-compartment model may
have advantage for the generation of parametric im-
ages.
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