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2-18F-Fluoro-3-[2(S)-2-azetidinylmethoxy]pyridine (2-18F-fluoro-
A-85380) is a PET radioligand that is specific for nicotinic ace-
tylcholine receptors (nAChRs) and has a high affinity for the �4�2

subtype. The purpose of this study was to evaluate different
strategies to quantify 2-18F-fluoro-A-85380 binding in healthy
nonsmoking human volunteers. Methods: After intravenous in-
jection of 189 � 30 MBq (0.8–5.7 nmol) of 2-18F-fluoro-A-85380,
the first dynamic PET scan was acquired over 150 min. The
second 30-min PET scan was performed 60 min later. Time–
activity curves were generated from volumes of interest. 2-18F-
Fluoro-A-85380 volume of distribution (DV) was quantified using
compartmental kinetic analysis and Logan graphical analysis. In
the kinetic analysis, the 1-tissue compartment model (1TCM)
and the 2-tissue (2TCM) compartment model were applied. The
most appropriate kinetic model was determined using the
Akaike Information Criterion. The effect of reducing the PET
study duration on the reliability of the DV values computed by
the kinetic and the graphical analyses was evaluated. Results:
Time–activity curves were better described by the 2TCM. The
DV values ranged from 5.2 � 0.5 in the occipital cortex, 6.2 �
0.2 in the frontal cortex, and 7.3 � 0.4 in the putamen to 15.4 �
2.1 in the thalamus. These regional DV values were consistent
with the distribution of nAChRs in the human brain. Logan
graphical analysis provided slightly lower DV values than those
of the 2TCM (from �3.5% in the occipital cortex to �6.6% in the
thalamus). The minimal study duration required to obtain stable
DV estimates in all regions was similar for the 2 methods: 140
min for the 2TCM and 150 min for the Logan analysis. DV
estimates obtained with the 2TCM were more stable than those
calculated by the Logan approach for the same scan duration.
Conclusion: These results show that 2-18F-fluoro-A-85380 can
be used to assess nAChRs binding in the human brain with PET.
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The nicotinic acetylcholine neurotransmitter system
plays a crucial role in the mediation of memory learning,
neuropsychiatric diseases, drug addiction, and control of
pain (1). Degeneration of cells expressing nicotinic recep-
tors (nicotinic acetylcholine receptors [nAChRs]) has been
observed in several neurodegenerative diseases, including
Parkinson’s and Alzheimer’s diseases (2).

Imaging of nAChRs using PET could provide useful
information on the integrity of this system in vivo. For
example, in view of the projected doubling of the incidence
of Alzheimer’s disease cases every 20 y (3), noninvasive
imaging of nAChRs could have an important impact on
public health, since it can be a potentially valuable tech-
nique for the diagnosis and follow-up of these patients.
Although nAChRs are among the best-studied receptors in
vitro, potentially useful PET and SPECT ligands were de-
veloped only recently. They are halogenate derivatives of
the A-85380 (3-[2(S)-2-azetidinylmethoxy]pyridine): 2-18F-
fluoro-A-85380 (2-fluoro-3-[2(S)-2-azetidinylmethoxy-
]pyridine) (4–7), 6-18F-fluoro-A-85380 (4,7), and 5-123I-
iodo-A-85380 (4,7). Previously, 11C-nicotine has been used,
but this compound has several drawbacks (8). 2-18F-Fluoro-
A-85380 is an �4�2 subtype–selective nicotinic cholinergic
agonist, which has been characterized in rodents and ba-
boons (5,6,9). Its acute toxicity is low compared with that of
epibatidine derivatives (5,10). In the course of phase I
studies, a previous investigation was undertaken to assess
the whole-body biodistribution of 2-18F-fluoro-A-85380 and
to calculate the associated radiation-absorbed doses in
healthy human volunteers. This study demonstrated the
possibility of imaging nAChRs in healthy volunteers using
a maximal dose of 258 MBq (11). Moreover, 2-fluoro-A-
85380 demonstrated no mutagenic properties (12).

As part of phase II studies, the present investigation
aimed at assessing the brain distribution of 2-18F-fluoro-A-
85380 in healthy volunteers. To quantify 2-18F-fluoro-A-
85380 regional cerebral distribution volumes (DVs), 2
methods were compared: compartmental kinetic modeling
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and Logan graphical analysis (13). Due to the slow kinetics
of the ligand, which is a drawback for its use in patients, the
effect of reducing the study duration was also evaluated for
each method to determine the shortest PET scan duration
providing reliable results.

MATERIALS AND METHODS

Radiopharmaceutical
2-Fluoro-A-85380 was labeled with the positron emitter 18F by

no-carrier-added nucleophilic aromatic substitution by the K18F–
F-K222 complex with (3-[2(S)-N-(t-butoxycarbonyl)-2-azetidinyl-
methoxy]pyridin-2-yl)trimethylammonium trifluoromethanesul-
fonate (where t-butoxycarbonyl is Boc) as a highly efficient
labeling precursor, followed by trifluoroacetic acid removal of the
Boc protective group (6). The total synthesis time was 50–55 min
from the end of the cyclotron 18F production. Radiochemical
yields, with respect to initial 18F-fluoride ion radioactivity, were
68%–72% (decay corrected). The specific radioactivities at the end
of the synthesis were 148–222 GBq/�mol.

Subjects
The Medical Bioethics Committee of the Medical Centre at the

University of Paris XI approved this study. Seven healthy male
volunteers, with a mean age of 27.7 y (range, 23–37 y) and a mean
weight of 71.7 kg (range, 54–92 kg) gave their written informed
consent for participation in the study. The subjects were free of
medical illness on the basis of screening by medical history,
physical examination, serum chemical analysis, complete blood
cell count, and urine analysis. All were nonsmokers, as demon-
strated by the negative plasma cotinine determination. A standard
12-lead electrocardiogram was obtained for screening purposes.
Serum chemical analysis, complete blood cell count, and urine
analysis were performed before and within a week after comple-
tion of the PET study.

Experimental Protocols
Each subject underwent 1 PET scan and 1 T1-weighted MR

scan, the latter to identify anatomic brain regions.

PET Procedures
PET experiments were performed with a CTI HR� Exact

positron tomograph (CPS Innovations). This scanner allows simul-
taneous acquisition in 3-dimensional (3D) mode of 63 slices with
an isotropic intrinsic resolution of 4.5 mm (14). The subjects were
in the supine position, with the head in the middle of the field of
view of the camera. The head was maintained using a molded
thermoplastic mask. A transmission scan was acquired for 15 min
using 3 retractable 68Ge rod sources. 2-18F-Fluoro-A-85380 was
then intravenously injected (189 � 30 MBq, 0.8–5.7 nmol) as a
1-min bolus and the emission scan was started. A dynamic series
was acquired with sampling times of 1 � 20 s, 10 � 10 s, 3 � 20 s,
3 � 1 min, 2 � 2 min, 10 � 3 min, 16 � 5 min, and 3 � 10 min
for a total acquisition of 150 min. The subjects were then removed
from the gantry and repositioned in the PET scanner 60 min later.
The second dynamic series consisted of three 10-min images
followed by an acquisition of a second short transmission scan (5
min). The first dynamic images were corrected for attenuation
using the transmission scan data acquired before the injection. For
the second dynamic series, attenuation correction was performed
using the final transmission scan data, after segmentation of the

attenuation map (15). The first 2 subjects had a single acquisition
that lasted 120 min.

Arterial Blood Sampling
During the PET acquisition, 33 arterial blood samples (1 mL

each) were withdrawn from the radial artery at designated times.
Blood and plasma radioactivities were measured in a cross-cali-
brated �-counter (Cobra Quantum D5003; Perkin-Elmer), and the
activity was corrected for 18F decay from the time of the injection.

Metabolite High-Performance Liquid Chromatography
(HPLC) Analysis

For each subject, 4 arterial blood samples (3 mL) were with-
drawn from the radial artery at different times. Plasma analysis
was performed by HPLC as previously described (5).

The fraction of unchanged 2-18F-fluoro-A-85380 was quantified
using a calibration curve. In a preliminary experiment, the yield of
the whole plasma analysis process (including protein precipitation
using acetonitrile, acetonitrile evaporation, HPLC run, and radio-
activity detection) was measured over a concentration range of
2-18F-fluoro-A-85380 (dissolved in human plasma) from 70 to
4,700 Bq/mL.

A control measurement was performed for each subject: Arte-
rial plasma was withdrawn before the PET scan, 2-18F-fluoro-A-
85380 was added to this plasma at 1–3 different concentrations
(1,900–5,900 Bq/mL), and these samples (thereafter referred to as
control samples) were injected in the HPLC loop to check the
system stability.

Then, for each sample obtained after injection of 2-18F-fluoro-
A-85380, the total plasma radioactivity was measured with a
�-counter (as described). The radioactivity due to unchanged
2-18F-fluoro-A-85380, obtained after elution of the HPLC column
and quantified using the calibration curve, was expressed as a
fraction of the total plasma radioactivity.

MRI
Each subject was submitted to an MR scan on a 1.5-T Signa

system (General Electric Medical Systems). A T1-weighted inver-
sion-recovery sequence in 3D mode and a 256 � 192 matrix over
124 slices (1.5-mm thick) was used to generate the anatomic
images.

Regions of Interest (ROIs)
Nine volumes of interest (VOIs) were delineated in 3 dimen-

sions on MR T1 images, based on clearly identified anatomic
structures: frontal (8.8 � 2.4 mL), parietal (7.5 � 2.0 mL),
temporal (5.8 � 0.8 mL), and occipital (15.9 � 4.0 mL) cortices,
caudate nucleus (3.3 � 0.5 mL), putamen (4.0 � 0.8 mL), thala-
mus (7.5 � 1.0 mL), cerebellum (15.0 � 3.7 mL), and hippocam-
pus (1.8 � 0.4 mL).

Brain Time–Activity Curves
To ensure the consistency of the anatomic localization of 2-18F-

fluoro-A-85380 cerebral binding, coregistration of PET images to
the corresponding MR images was performed using a mutual
information algorithm (16). The mean radioactivity in the VOIs
was calculated for each frame, and time–activity curves were
plotted versus time.

For the second dynamic series, the bias on the regional radio-
activity (RA) values induced by segmenting the attenuation map
was corrected with the following procedure. The first transmission
image was also segmented and the last 3 frames of the first
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dynamic series were reconstructed using either the segmented
(RAseg) or the measured (RAmeas) attenuation map. The bias in-
duced by using the segmented transmission was estimated in each
VOI as:

BIASVOI � 	RAseg � RAmeas
/RAmeas. Eq. 1

Then, the corrected regional activities (RAcorr) obtained with the
second dynamic series were computed as:

RAcorr � RAseg /	1 � BIASVOI
. Eq. 2

PET Data Kinetic Analysis
For kinetic analysis, 2 compartmental models were tested: the

1-tissue compartment (1TCM) and the 2-tissue compartment
(2TCM) models (Fig. 1). In the latter, we assume that the concen-
tration of free (unbound) ligand and the concentration of nonspe-
cifically bound ligand equilibrate rapidly compared with PET
acquisition times. The compartments in the 2TCM correspond to
the radioactivity concentrations of unchanged radioligand in
plasma (CP), free or nonspecifically bound radioligand in brain
(CF�NS), and radioligand specifically bound to receptor sites (CB).
The rate constants K1 and k2 describe the influx and efflux rates,
respectively, through the blood–brain barrier. The rate constants k3

and k4 describe the radioligand transfer between the free (and
nonspecifically bound) compartment and the specific binding com-
partment. The differential equations of the 2TCM are given by:

dCF�NS	t
/dt � K1CP	t
 � 	k2 � k3
CF�NS	t
 � k4CB	t
,

dCB	t
/dt � k3CF�NS	t
 � k4CB	t
,

CTISSUE	t
 � CF�NS	t
 � CB	t
, Eq. 3

where CTISSUE is the PET radioactivity concentration in the cere-
bral VOI measured by PET and corrected for the radioactivity due
to the cerebral blood volume (assumed to be 5%) (17). The system
is linear since the radioligand is injected at a tracer dose. The total
DV (DV2TCM) has the advantage of being more stable than the
kinetic parameters (K1, k2, k3, and k4) determined individually
(18). It can be expressed in terms of the kinetic rate parameters as
follows:

DV2TCM � K1/k2 � 	1 � k3/k4
. Eq. 4

In the 1TCM, we additionally assume that the concentrations
CF�NS and CB equilibrate rapidly and, therefore, can be combined
into a single compartment. The rate constants were denoted K�1

and k�2 to avoid confusion with the 2TCM. The total DV for the
1TCM is noted as DV1TCM and is given by:

DV1TCM � K�1/k�2. Eq. 5

Weighted nonlinear least-square fitting was performed using the
Marquardt algorithm (19) to identify the 4 and 2 parameters of the
2TCM or of the 1TCM, respectively. Goodness of fit was evalu-
ated using the �2 criterion. Model relevancy was assessed using the
Akaike Information Criterion (AIC) (20). The most appropriate
model provides the smallest AIC. To evaluate the kinetic param-
eter identifiability, the coefficient of variation of the parameter
given by the diagonal of the covariance matrix (21) was computed
and expressed as percentage of the parameter estimate (%COV).

Logan Graphical Analysis
The graphical approach (13) for the analysis of reversible ra-

dioligand kinetics was also applied to the present data. This
method allows one to measure the total DV of the ligand without
any assumption on the actual configuration of the tissue compart-
ment(s). Assuming 2 tissue compartments and that CB and CTISSUE

equilibrate for t  T0, the operational equation is:

�0
T CTISSUE	t
dt

CTISSUE	T

� �K1

k2
�1 �

k3

k4
�� �0

T CP	t
dt

CTISSUE	T

� R. T � T0 Eq. 6

The slope of the linear section of the plot of �0
T CTISSUE(t)dt/

CTISSUE(T) versus �0
T CP(t)dt/CTISSUE(T) is the total DV, thereafter-

referred to as DVLogan. DVLogan was computed by linear regression
of the final part of the plot, after a time T0 fixed to a common value
for all VOIs and subjects.

Effect of PET Study Duration on DV Values
Due to the slow kinetics of 2-18F-fluoro-A-85380, the DV

values obtained with a 4-h PET acquisition were considered as a
priori reference values. To investigate the effect of reducing the
scan duration on the DV values, the kinetic analysis and the
graphical analysis were performed with scan durations ranging
from 90 to 150 min with 10-min increments. For each method and
duration T, relative bias values were expressed as (DVT �
DV4hour)/DV4hour. Two criteria were used to define the minimum
acceptable study duration for each quantification method: (a) the
mean bias had to be �5% and (b) the maximal bias had to be
�10% in all VOIs.

Software
Anatomist software (http://brainvisa.free.fr) was used for VOI

drawing, PET–MRI coregistration, and time–activity curve com-
putations. The kinetic modeling and Logan graphical analysis were
performed with the Pmod Software (http://www.pmod.com). The
statistic tests were performed with Statview (SAS).

RESULTS

Biosafety
After injection of an average of 189 MBq 2-18F-fluoro-

A-85380 (range, 161–237 MBq; range, 0.77–5.66 nmol), no
adverse or subjective effects were noted in any of the

FIGURE 1. 1TCM and 2TCM. (A) Compartments in 2TCM
correspond to radioactivity concentrations of unchanged radio-
ligand in plasma (CP), free or nonspecifically bound radioligand
in brain (CF�NS), and radioligand specifically bound to receptors
sites (CB). (B) In 1TCM, single-tissue compartment corresponds
to total tissue radioactivity (CTISSUE).
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subjects. Their vital signs remained stable throughout the
experiment. No meaningful changes were observed in any
of the clinical laboratory assays performed on the blood and
urine specimens obtained before and after administration of
the radioligand (data not shown).

Brain and Plasma Time–Activity Curves
Typical images obtained after injection of 2-18F-fluoro-

A-85380 in 1 subject are shown in Figure 2. Characteristic
brain time–activity curves are shown in Figure 3. As ex-
pected, the highest cerebral concentration of ligand (per-
centage injected dose [%ID]) was observed in the thalamus,
where the maximal concentration was 0.46 � 0.07 %ID/100
mL tissue. Intermediate levels were observed in the puta-
men (0.32 � 0.05 %ID/100 mL tissue), cerebellum (0.31 �
0.04 %ID/100 mL tissue), and cortex (0.27 � 0.04 %ID/100
mL tissue). The lowest concentration was observed in the
white matter (0.19 � 0.03 %ID/100 mL tissue).

The kinetics of 2-18F-fluoro-A-85380 were slow. In the
cortical regions, the average concentration peak time ranged

between 43 � 12 min (occipital) and 69 � 11 min (tempo-
ral). In the basal ganglia and cerebellum, the concentration
peaked at 65 � 10 min and 56 � 6 min, respectively. The
fastest washout occurred in the occipital cortex. Conversely,
in the thalamus, the maximal concentration could not al-
ways be observed during the 240 min of the experient.

In arterial plasma, the clearance of the total radioactivity
can be fitted by the sum of 3 exponential functions with a
late half-life (the slowest of the exponential functions) of
approximately 6 h (Fig. 4).

The ratio between the concentration of radioactivity in
the tissue and the concentration of unchanged 2-18F-fluoro-
A-85380 in the plasma (tissue-to-plasma ratio) stabilized
very slowly in all VOIs, except in the thalamus, where no
equilibrium was reached over the experimental time interval.

HPLC Analysis
The calibration experiment showed that the 2-18F-fluoro-

A-85380 HPLC peak area and the activity measured with

FIGURE 2. Axial, sagittal, and coronal
mean PET images (from left to right) ob-
tained between 60 and 120 min in 1 sub-
ject, after injection of 2-18F-fluoro-A-85380
(174 MBq). PET images are represented
with coregistered MR images. %ID � per-
centage injected dose.

FIGURE 3. Representative time–activity curves obtained after
injection of 2-18F-fluoro-A-85380 in 1 healthy subject in thala-
mus (F), putamen (E), and temporal cortex (‚).

FIGURE 4. Concentration of total radioactivity in plasma (F)
and concentration of unchanged 2-18F-fluoro-A-85380 (E) vs.
time. (Inset) Time course of percentage of radioactivity in
plasma corresponding to unchanged 2-18F-fluoro-A-85380 (F,
mean � SD, n � 7).
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the �-counter were significantly correlated (r � 0.996, P �
0.001, n � 10). The numeric values of the control samples
were not significantly different from the calibration curve
(analysis of covariance [ANCOVA], P � 0.17; test for
homogeneity of regression, P � 0.09). Therefore, the same
regression equation was used to convert the HPLC peak
area to the radioactivity value for all samples. The mean
curve of the fraction of unchanged 2-18F-fluoro-A-85380 in
arterial plasma is presented in the inset of Figure 4.

Kinetic Analysis
The �2 criterion, AIC, and DV values obtained with the

1TCM and the 2TCM are presented in Table 1. For both
criteria, the values were statistically lower for the 2TCM
(repeated-measures ANOVA, P � 0.001 for both AIC and
�2 criterion). Ad hoc paired Student t tests performed in
each region showed that both the �2 criterion and AIC
differences were statistically significant in all VOIs, except
in the caudate nucleus, putamen, and temporal cortex. The
1TCM parameters K�1 and k�2 were well identified in all
VOIs, with %COV values close to 1% and 3%, respectively.
As expected, the 2TCM kinetic parameters k2, k3, and k4

were poorly identified in all regions. SDs for the DV2TCM

and DV1TCM were not significantly different in any VOI (F
test, P � 0.39, lower regional P value). Finally, according
to the AIC, the 2TCM was selected in all VOIs. One can
notice that the DV1TCM values were systematically lower
than the DV2TCM values.

Logan Graphical Analysis
Characteristic Logan plots obtained in 1 subject are

shown in Figure 5, and DVLogan estimates are presented in
Table 2. DVLogan values were significantly lower than the
DV2TCM values (repeated-measures ANOVA, P � 0.001).
The mean difference ranged from �3.5% in the occipital
cortex to �6.6% in the thalamus (overall mean � �5.0%).
The variance of the 2 estimates DV2TCM and DVLogan was not
significantly different (F test, P � 0.71, lower regional P
value).

Effect of PET Study Duration on DV Estimates
The effect of reducing the PET study duration on the DV

value was investigated using the 4-h DV estimates as ref-
erence values (Fig. 6). The thalamus was excluded from this
analysis, because no washout phase could be observed dur-
ing the 4 h of the experiment in most subjects; therefore, the
4-h DV estimates could not be used as reference values in
this structure.

In the kinetic analysis, both selection criteria for the
minimum study duration (mean bias �5% and maximal
bias �10%) were satisfied if the study duration was �130
min in most VOIs. A 140-min study duration was necessary

TABLE 1
Comparison of �2 Criterion, AIC, and DV Values for 1TCM and 2TCM (n � 5)

Region

�2 criterion AIC DV

1TCM 2TCM 1TCM 2TCM 1TCM 2TCM

Caudate 1.02 � 0.26 0.87 � 0.17 203 � 11 200 � 9 6.37 � 0.18 6.59 � 0.32
Putamen 1.10 � 0.40 0.98 � 0.39* 204 � 20 203 � 27 7.10 � 0.39 7.27 � 0.41*
Thalamus 0.81 � 0.16 0.37 � 0.16* 191 � 10 153 � 22* 14.8 � 1.89 15.4 � 2.18*
Cerebellum 1.55 � 1.12 0.59 � 0.38* 215 � 36 171 � 30* 6.75 � 0.42 7.03 � 0.44*
Hippocampus 6.26 � 1.67 1.42 � 0.37* 295 � 13 224 � 17* 5.62 � 0.40 6.23 � 0.60*
Frontal cortex 0.65 � 0.33 0.36 � 0.29* 176 � 24 143 � 34* 6.07 � 0.19 6.20 � 0.19*
Parietal cortex 0.87 � 0.42 0.45 � 0.24* 190 � 28 158 � 35* 5.54 � 0.14 5.71 � 0.24*
Occipital cortex 3.23 � 0.90 1.03 � 0.10* 261 � 14 209 � 11* 5.02 � 0.39 5.16 � 0.49*
Temporal cortex 0.65 � 0.22 0.49 � 0.34 178 � 20 160 � 33 5.81 � 0.40 5.91 � 0.45*

*Difference between the 2 models is statistically significant (P � 0.05 Student paired t test).
DV values are expressed in mL plasma/mL tissue. Values are presented as mean � SD.

FIGURE 5. Representative Logan plots in 1 healthy subject in
thalamus (f), putamen (E), and temporal cortex (‚). For each
region, symbols correspond to experimental measured values;
straight lines correspond to regression curves.
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to keep the mean bias �5% in the temporal cortex. Reduc-
ing the study duration had little effect on the criteria used to
select the most appropriate compartmental model: For every
study duration tested, the AIC values of the 2TCM were
lower than those of the 1TCM in all VOIs.

With the Logan analysis, both selection criteria were
satisfied if the study duration was �120 min in most VOIs.
However, a 150-min study duration was required to fulfill
the 2 criteria in the hippocampus.

For a 140-min scan duration, the SD of the bias was lower
with the kinetic analysis compared with the Logan analysis
(�24% in average for all VOIs) (Table 3).

DISCUSSION

The aim of this study was to assess the regional distribu-
tion of 2-18F-fluoro-A-85380 in the human brain and to
determine the optimal PET study duration.

The regional distribution of 2-18F-fluoro-A-85380 DV
was consistent with known densities of nAChRs in the
human brain. PET regional distribution of 2-18F-fluoro-A-
85380 could be compared with the densities determined in
vitro (measured either on autoradiographic slices or on
membrane preparations) using reference ligands. 3H-Nico-
tine demonstrated a more heterogeneous distribution of
binding sites (22,23) than that of 2-18F-fluoro-A-85380. On
the contrary, 3H-epibatidine (23) and 2-18F-fluoro-A-85380
showed a more homogeneous distribution: Only the thala-
mus displays the highest binding and the other cerebral
structures have a rather homogeneous density. Among the
extrathalamic regions, using 3H-epibatidine in vitro, the
caudate nucleus, putamen, and cerebellum showed the high-
est receptor density, followed by the cortex and, finally, the
hippocampus. With 2-18F-fluoro-A-85380, the rank order
was the same, except for the hippocampus, whose DV was
higher than that of the cortical ROIs. Several factors could
explain this difference. First, the limited resolution of PET
can induce a spillover effect from surrounding areas, espe-
cially the external parts of the thalamus. Second, this dif-
ference could also be due to the age difference between the
subjects in the 2 studies (77.2 � 7.7 y (22)). Thus, 3H-
epibatidine and 2-18F-fluoro-A-85380 exhibit very close dis-
tribution profiles in the human brain.

The brain kinetics of 2-18F-fluoro-A-85380 were similar
to those of 123I-5I-A-85380 measured by SPECT (24). The

FIGURE 6. Effect of study duration on
stability of DVLogan (F, lower error bar) and
DV2TCM (E, upper error bar) values in 4
VOIs. Values are presented as mean � SD
(n � 5). For putamen, 1 DV2TCM value was
excluded at 90 and 100 min.

TABLE 2
DV Values for Kinetic and Graphical Analyses Determined

from 4-Hour Studies (n � 5)

Region Logan plot Kinetic analysis*

Caudate 6.25 � 0.30 6.59 � 0.32
Putamen 6.89 � 0.41 7.27 � 0.41
Thalamus 14.41 � 1.98 15.43 � 2.18
Cerebellum 6.74 � 0.49 7.03 � 0.44
Hippocampus 5.97 � 0.56 6.23 � 0.60
Frontal cortex 5.88 � 0.24 6.20 � 0.19
Parietal cortex 5.42 � 0.30 5.71 � 0.24
Occipital cortex 4.98 � 0.42 5.16 � 0.49
Temporal cortex 5.58 � 0.45 5.91 � 0.45

*In kinetic analysis, the 2TCM was used in all regions.
DV values are expressed in mL plasma/mL tissue. Values are

presented as mean � SD.

HUMAN BRAIN NICOTINIC RECEPTORS AND PET • Gallezot et al. 245



maximal concentration value of 2-18F-fluoro-A-85380 was
about 50% of that of 123I-5I-A-85380 in all regions and the
DV values were 3.3 times lower. These differences could be
explained by the higher lipophilicity and higher affinity for
the �4�2 subtype of the iodinated compound. The regional
distribution of the DV values for 2-18F-fluoro-A-85380 and
123I-5I-A-85380 are highly correlated (r � 0.995, P �
0.001, n � 7). 2-18F-Fluoro-A-85380 maximal concentra-
tions and DV values are similar (10% lower) and highly
correlated (r � 0.997, P � 0.001, n � 7) with those of
6-18F-fluoro-A-85380 (25). Both 6-18F-fluoro-A-85380 and
123I-5I-A-85380 displayed a slightly faster kinetics than that
of 2-18F-fluoro-A-85380, especially in the thalamus. This
difference could be explained by the relative hydrophilicity
of the 3 compounds. This faster kinetics allows a more
reliable quantification of the thalamic DV values.

Due to the low concentration of nAChRs in the brain and
the high affinity of 2-18F-fluoro-A-85380 for the �4�2 nic-
otinic subtype, the injected dose should be in the low
nanomolar range to ensure that the experiments are per-
formed at tracer dose. This was made possible because of
the high specific radioactivities routinely obtained at the end
of the radiosynthesis. Within the range of injected doses
(0.01–0.08 nmol/kg body weight), the amount of mass
injected did not influence the DV value, even in regions
with a low nAChR density.

Since nicotinic receptors of the �4�2 subtype are almost
ubiquitous in the human brain (26), the definition of a
reference region is not straightforward. Autoradiographic
studies using 125I-5I-A-85380 have demonstrated that the
globus pallidus is almost devoid of nAChRs in humans (27).
However, due to the finite resolution of PET systems, the
activity measured in the globus pallidus (lying between the
putamen and the thalamus) suffers from a spillover effect.
Because a reliable segmentation method coupled to a par-
tial-volume correction software is not yet available, this
region was not explored as an area for a “zero-receptor
region.” Therefore, a noninvasive method for DV calcula-

tion using a reference region could not be applied to 2-18F-
fluoro-A-85380 PET data.

Previous studies in anesthetized monkeys (9,28) showed
that 2-18F-fluoro-A-85380 kinetics are slow and that a short
scan duration could result in an underestimation of model
parameters. However, a long scanning period is a drawback
for patient studies. Therefore, the present study was de-
signed to test whether a reliable quantification of 2-18F-
fluoro-A-85380 brain distribution in humans could be ob-
tained in �4 h. Indeed, in the rhesus monkey, the
underestimation of the DV, compared with 7-h reference
values, was null in all regions at 4 h, except in the thalamus
(28). In 2 other studies in humans, a 4-h experiment using
123I-5I-A-85380 (24) or 6-18F-fluoro-A-85380 (25) has been
proposed to quantify nAChRs binding in all regions. Our
study aimed at reducing the acquisition time, even at the
expense of thalamic structures. The thalamus, though the
richest in nicotinic receptors, is not the most relevant for
clinical studies since degenerative diseases mainly affect the
striatum (Parkinson’s disease) or the hippocampus and cor-
tex (Alzheimer’s disease).

Because the subjects could not lie inside the scanner for
4 h, the PET acquisition was divided into 2 scans. The 2
scans were then coregistered with the MR scans to correct
for differences in the position of the subject. To avoid
contamination of the second transmission scan by the brain
activity, the attenuation map was segmented (15), and the
bias on the RA values induced by this segmentation was
estimated at the end of the first scan.

Kinetic analysis of 2-18F-fluoro-A-85380 brain uptake
revealed that the 2TCM was more accurate than the 1TCM
to describe PET data in all VOIs, indicating that the ex-
change between the tissue compartments cannot be consid-
ered as instantaneous. However, individual identification of
each parameter of the 2TCM was not reliable and, therefore,
only the DV could be estimated. Since the 1TCM and the
2TCM could provide an estimate of the DV with similar
SDs, the 2TCM was chosen for its higher accuracy.

The second method tested was Logan graphical analysis
(13), which allows one to compute the DV of reversible
ligands. One advantage of this method is that it requires the
estimation of only 1 parameter compared with 4 parameters
for the 2TCM. The DVLogan values obtained were slightly
lower than the DV2TCM values in all VOIs. This may be due
to the noise-induced bias inherent to the Logan analysis
(29,30).

The kinetic analysis and the Logan graphical analysis
required similar study durations to provide stable results in
all regions. For a given PET scan duration, the dispersion of
the errors was lower with the kinetic analysis, indicating
that this latter analysis is more precise.

CONCLUSION

2-18F-Fluoro-A-85380 can be used to assess nAChR
binding in the human brain with PET. After a bolus injec-

TABLE 3
Relative Bias (%) on DV Values for 140-Minute Study

Compared with 4-Hour Reference Values (n � 5)

Region
2TCM

(kinetic analysis)
Logan

(graphical analysis)

Caudate �1.1 � 4.0 �3.3 � 2.7
Putamen 1.6 � 2.4 �0.3 � 3.6
Cerebellum �0.4 � 3.2 �1.3 � 3.2
Hippocampus �0.7 � 2.2 �4.6 � 3.7
Frontal cortex 2.3 � 1.4 1.6 � 3.8
Parietal cortex 1.5 � 2.3 0.5 � 4.9
Occipital cortex 0.8 � 2.0 1.8 � 3.5
Temporal cortex 5.0 � 2.4 3.4 � 3.1

Values are presented as mean � SD.
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tion of the radiotracer, among the PET scan durations and
the modeling strategies tested, a scanning time of 140 min
and the 2TCM seem to represent a reliable method for
estimating the regional distribution of nAChRs in neurode-
generative diseases.
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