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Abstract

Purpose Postmortem studies indicate a loss of nicotinic
acetylcholine receptor (nAChRs) in Alzheimer’s disease
(AD). In order to establish whether these changes in the
cholinergic system occur at an early stage of AD, we
carried out positron emission tomography (PET) with a
specific radioligand for the «4[32* nicotinic acetylcholine
receptor (o432* nAChR) in patients with mild to moderate
AD and in patients with amnestic mild cognitive impair-
ment (MCI), who have a high risk to progress to AD.
Methods Nine patients with moderate AD, eight patients
with MCI and seven age-matched healthy controls
underwent 2-['*F]fluoro-3-(2(S)-azetidinylmethoxy)pyri-
dine (2-['®F]FA-85380) PET. After coregistration with

The asterisk used in the receptor nomenclature means that the receptor
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individual magnetic resonance imaging the binding poten-
tial (BPwp) of 2-['®F]FA-85380 was calculated using
either the corpus callosum or the cerebellum as reference
regions. PET data were analysed by region of interest
analysis and by voxel-based analysis.

Results Both patients with AD and MCI showed a significant
reduction in 2-['®F]FA-85380 BPyp in typical AD-affected
brain regions. Thereby, the corpus callosum was identified as
the most suitable reference region. The 2-['®FJFA-85380
BPyp correlated with the severity of cognitive impairment.
Only MCI patients that converted to AD in the later course
(n=5) had a reduction in 2-['®F]FA-85380 BPxp.
Conclusion 2-['"®*F]FA-85380 PET appears to be a sensitive
and feasible tool for the detection of a reduction in «4{32*
nAChRs which seems to be an early event in AD. In
addition, 2-['®*F]FA-85380 PET might give prognostic
information about a conversion from MCI to AD.

Keywords Nicotinic acetylcholine receptors - 2-['*F]FA-
85380 - Alzheimer’s disease - MCI - PET

Introduction

A dysfunction of acetylcholine transmitting neurons in the
human brain is presumed to contribute substantially to the
typical cognitive deficits observed in Alzheimer’s disease
(AD). The assumption of the cholinergic deficit in AD is
based on various postmortem studies and has been referred
to as the cholinergic hypothesis of AD [1]. This premise has
since become an important working foundation for the
majority of treatment strategies and drug development
approaches for AD.
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However, the initial studies providing the basis for the
hypothesis were conducted using patients at relatively
advanced stages of AD and could not gauge at which
disease stage the cholinergic dysfunction occurred.

Recent postmortem and in vivo studies conducted in
patients with mild cognitive impairment (MCI) or early-
stage AD challenged the cholinergic hypothesis by reveal-
ing that cholinergic marker enzymes seem to be reduced
only in advanced clinical stages [2] and may even be
upregulated in earlier stages [3]. These findings were based
on the activity of marker enzymes. To clarify the role of the
cholinergic neurons in the course of AD, it is necessary to
consider a wider range of abnormalities in the cholinergic
system. Of the spectrum of known abnormalities in the
cholinergic system in AD (alterations in neurotransmitter
synthesis [4], receptor expression [5], neurotrophin support
[6] and perhaps axonal transport [7]), decreases in nicotinic
acetylcholine receptors (nAChR) are of particular interest.
Neuronal nAChRs are transmitter-gated ion channels that
are composed of different subunits [8]. Of the various
subtypes, the «4(32* nAChR subtype is particularly
important for brain imaging, since the x4(32* nAChR is
the most abundant subtype in the human brain and the o4
subunit is most extensively reduced in several brain regions
in AD [9].

The recent development of radiotracers based on
3-pyridyl ether compounds makes it possible to investigate
the a4p2* nAChR in the living human brain. In this
positron emission tomography (PET) study, we used the
radiotracer 2-['®F]fluoro-3-(2(S)-azetidinylmethoxy)pyri-
dine (2-['®F]FA-85380) [10]. In order to clarify whether
nAChR changes occur early in the course of AD, we
primarily examined AD patients with mild to moderate
dementia and subjects with amnestic MCI, and compared
them with normal age-matched healthy controls.

Materials and methods
Participants

The study population consisted of 17 non-smoking patients
(9 patients with AD and 8 patients with MCI). None of the
patients received anticholinergic or other centrally acting
medication. None of the patients had a history of major
psychiatric or neurological disorders other than dementia.
As a control group seven age-matched, non-smoking
healthy controls (HC) were examined.

The diagnosis of AD was made according to the
NINCDS-ADRDA criteria. All AD patients had a typical
clinical history with insidious onset of memory problems,
parallelled by other cognitive deficits and impairment in
activities of daily living. MCI was defined in accordance
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with recently published consensus criteria [11]. Objective
cognitive impairment was defined as the performance of
more than one standard deviation (SD) below age- and
education-adjusted norms on neuropsychological tests and/
or a Clinical Dementia Rating of 0.5. All subjects with MCI
fulfilled the criteria for either “amnestic” (n=5) or
“multidomain amnestic (n=3) MCI”, according to the most
recent consensus criteria [11]. Dementia was excluded
based on the DSM-IV dementia criteria.

Cognitive deficits in memory and other cognitive
domains were confirmed and quantified with the help of a
standard neuropsychological test battery, comprising the
Wechsler Logical Memory Scale and the Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD) test
battery. The Mini-Mental State Examination (MMSE) and
the DemTect [12] were used as global measures of
cognition. MCI patients were followed up over a mean
period of 17 months (range 7-29 months).

Elderly control subjects were recruited through adver-
tisement. Normal cognitive function was assured in the
control subjects by MMSE performance >28 and DemTect
global score within the normal range.

Written informed consent was obtained from all subjects;
in patients with advanced cognitive decline additional
written informed consent was obtained from caregivers,
and the local Ethics Committee of the University of
Leipzig, Germany approved the study protocol. All studies
have therefore been performed in accordance with the
ethical standards laid down in the 1964 Declaration of
Helsinki.

Magnetic resonance imaging (MRI)

All participants underwent a structural T1-weighted MRI
scan for anatomical coregistration with the individual
PET image data and to rule out any pathologies except
AD within 1 week from the PET scan. All MRI
examinations were carried out on a 1.5-T MRI (MAG-
NETOM Symphony, Siemens, Erlangen, Germany). The
image protocol consisted of a Tl-weighted MPRANGE
3-D sequence [time of repetition 2,280 ms, time of echo
3.93.4 ms, 192 slices, field of view (FOV) 256 mm] and
a T2-weighted turbo spin echo sequence (time of
repetition 4,000 ms, time of echo 84 ms, 40 slices, slice
thickness 3 mm, FOV 280 mm).

2-['®F]FA-85380 PET

The 2-['®F]FA-85380 was synthesized according to a
protocol previously described in detail [13].

An ECAT EXACT HR+scanner [CTI/Siemens, Knoxville,
TN, USA, 63 slices, resolution 4.7 mm full-width half-
maximum (FWHM)], operating in 2-D acquisition mode, was
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used for the PET data acquisition. 2-['*F]FA-85380 was
injected as a continuous short infusion over 90 s into the
cubital vein. A tracer dose of 370 MBq was injected, which
is equivalent to an amount of 2-['®F]FA-85380 below
0.1 nmol/kg body weight. Serial PET scans were carried
out over 120 min in 26 time frames (4% 15 s, 4x1 min, 5x
2 min, 5x5 min, 8x10 min). An additional 1-h scan (4x
15 min) was started 6 h after tracer infusion. Attenuation
correction factors were measured by means of a 20-min
transmission scan acquired with three rotating ®*Ge sources
before the start of the dynamic emission scans and the
additional 1-h scan, respectively. An individual thermoplas-
tic mask with a special head holder system was used to avoid
head movement artefacts during the acquisition time and to
guarantee exact repositioning of the individual’s head in the
late PET scan [14-16].

Blood sampling and analysis of individual binding
of 2-['®*F]FA-85380

For input function measurement in all study subjects,
arterial blood was obtained parallel to the PET scanning
over a total time span of 7 h with 16 samples in the first
3 min post-tracer infusion (p.i.), followed by samples at 3,
4,5,6, 8,10, 12, 14, 18, 25, 35, 50 and 60 min p.i. and
thereafter every 30 min up to 7 h. The radioactivity in
aliquots of plasma was measured using the Cobra gamma
counter (Packard Instrument Company, Meriden, CT,
USA).

The non-metabolized fraction of 2-['*F]FA-85380 was
measured for all subjects in the arterial blood samples,
which were taken 14, 60, 120, 240, 330 and 420 min after
radiotracer injection into the patients. Due to the slow
metabolism of 2-['®F]FA-85380 these time points were
chosen. Plasma probes were deproteinized by perchloric
acid and the intact 2-['*F]FA-85380 was separated from its
metabolites by HPLC, upon which separated sample
fractions of 1.5 ml were collected and counted for
radioactivity. The percentage of non-metabolized 2-['°F]
FA-85380 was calculated after data correction for the half-
life time of '®F and with respect to HPLC recovery.

The binding of 2-['®F]FA-85380 to plasma proteins was
determined for each patient individually using plasma
samples (4x1 ml) obtained 3 min after administration of
the radioligand, i.e. before the appearance of radiolabelled
metabolites. For that purpose, plasma samples were applied
to centrifugal filter devices (Centrifree®, Millipore, Bedford,
MA, USA), equilibrated at 37°C and centrifuged for 6 min at
2,000 g to obtain the ultrafiltrate containing the free
radioligand fraction. Before this approach was used, exper-
imental analyses of plasma protein binding with human
plasma that was added with 2-['®F]FA-85380 were per-
formed. For details see Sorger et al. [17, 18].

Estimation of PET parameters and image analysis

PMOD Version 2.5 (PMOD Technologies Ltd., Zurich,
Switzerland) was used for kinetic data modelling. Due to the
slow kinetics of 2-['*F]JFA-85380, PET studies should last up
to 7 h for accurate quantification of 2-['*F]FA-85380
binding by graphical analysis [19]. Parametric images of
the regional 2-['®F]JFA-85380 distribution volume (2-['*F]
FA-85380 V1) were calculated using the Logan plot (10
points between 1 h to 7 h p.i.) with the arterial input function
corrected for decay, individual plasma protein binding and
metabolites [19, 20]. Therefore, our V values differ from
the values proposed by Innis et al. [21], where the input
function used to compute the distribution volumes is not
corrected for binding of tracer to plasma proteins. Our values
of Vr are equal to V/f, with £, the free fraction of tracer in
plasma [21]. The starting point of 1 h in the Logan plot
analysis was used since linearity of the Logan plot was
reached after 40-50 min in the thalamus as the region with
highest «432* nAChR density.

Region of interest (ROI) analysis

The binding potential BPyp [21] was calculated using the
corpus callosum (CC) as a reference region, as previously
published by our group in patients with Parkinson’s disease
[22]. Thereby, BPnp is defined as the ratio of specifically
bound radioligand to non-displaceable radioligand in tissue at
equilibrium [21]. The CC has the lowest density of nAChRs
in the human brain and the lowest 2-['*F]FA-85380 V, and
the tracer 2-['®*F]FA-85380 is almost non-displaceable by
nicotine [23]. Therefore, as the most specific measure of the
a432* nAChR availability, the binding potential BPxp of
the 2-['®F]FA-85380 was calculated. For ROI analysis the 2-
['®F]JFA-85380 V1 images were coregistered to an individual
MRI using the mutual information algorithm implemented in
the BRASS software (Hermes Medical Solutions, Stockholm,
Sweden). Anatomical information from the individual MRI
was used to manually trace irregular sets of single ROIs on
two to three consecutive transverse slices. ROIs were
carefully drawn only in areas containing brain tissue in the
MRI scan, thereby minimizing partial volume effects. These
MRI-defined ROIs were overlaid onto the PET data set. A
priori hypothesis-driven ROIs were selected according to the
results of prior postmortem studies demonstrating nAChR
reductions in AD and MCI in the frontal, parietal and
temporal cortex, the striatum and in the hippocampus. In
addition, thalamus, anterior and posterior cingulate cortices
were chosen, because they are known to be affected in AD.
Furthermore, in order to assess 2-['®F]FA-85380 BPyp in
regions that are not typically affected by AD pathology, the
occipital cortex and cerebellum were analysed as control
regions.
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Statistical analysis

For statistical comparison of the groups, the Mann-Whitney
U test was used since the assumptions of the test, i.e.
random samples, independence within the samples and
mutual independence between samples, were fulfilled.

For group comparisons a reduction of 2-['*F]FA-85380
BPyp in a priori defined ROIs was assumed in frontal, parietal
and temporal cortex, the striatum, the hippocampus, the
thalamus, and the anterior and posterior cingulate cortices, in
accordance with postmortem data in AD as mentioned above.
Therefore, a correction for multiple comparison was voided
and a significance level at p<0.05,ncomected Was accepted.

Correlations between cognitive scores (MMSE, DemTect)
and 2-['*F]FA-85380 BPyp assessed by ROI analysis in the
regions typically affected by AD pathology were calculated in
the whole study group by means of Spearman rank correlation
analysis. The significance level was accepted at p<0.05.

Statistical analysis was undertaken with the help of the SPSS
software package, version 14.0 (SPSS, Chicago, IL, USA).

Voxel-based analysis

For exploratory analysis of differences between HC and
AD/MCI patients a voxel-wise statistical analysis of the
2-['"®F]FA-85380 V1 images was performed using
SPM99 (Statistical Parametric Mapping software, Well-
come Department of Cognitive Neurology, London, UK),
implemented in MATLAB 6.5.0 (The MathWorks, Inc.,
Natick, MA, USA). No proportional scaling was applied.

In addition, 2-['®F]FA-85380 distribution volume ratios
(DVR=BPyp +1) were calculated and analysed by SPM99
in accordance with Terriére et al. [24]. 2-['*F]FA-85380

DVR were calculated by scaling 2-['*F]FA-85380 Vr to the
CC or the cerebellum, respectively. To calculate DVR,
values for the CC and the cerebellum were obtained by ROI
analysis (Hermes Medical Solutions, Stockholm, Sweden).
For SPM99 analysis all brain images of AD, MCI and HC
were spatially normalized to the Talairach space on the
['*0O]H,0 SPM PET template and smoothed with a 12-mm
FWHM Gaussian kernel in order to adjust the anatomical
variability between the individual brains and to enhance the
signal to noise ratio for the analysis.

For exploratory SPM analysis, carried out for group
comparisons, a relatively high significance level without
controlling for multiple comparisons was accepted. SPM
analysis was performed using a two-sample ¢ test and
considered significant for p<0.005 (uncorrected; minimum
cluster size 30 voxels; voxel size 2x2x2 mm). The brain
areas with decreased or increased 2-['*F]JFA-85380 DVR
were detected by using different contrast vectors (HC>AD:
1-10; HC<AD: -1 1 0/HC>MCI: 1 -1 0; HC<MCI: -1 1
0) and imaged on a glass brain, three-dimensional brain
images or transaxial brain slices. Furthermore, the signifi-
cantly different brain areas were displayed with Montreal
Neurological Institute (MNI) coordinates in the stereotactic
space of Talairach using the automated anatomical labelling
(local maxima labelling) function of SPM99 [25].

Results
Subjects

Table 1 shows the demographic characteristics of the
subjects. Groups were similar with respect to age and

Table 1 Demographic and clinical characteristics of subjects studied with 2-['*F]JFA-85380 PET

Controls MCI AD Significance
n 7 8 9
Sex (M:F) 3:4 5:3 5:4 NS
Age 60.7 (9.0) 60.7 (6.5) 65.5 (6.5) NS
MMSE (max. 30) 29.6 (0.8) 26.8 (1.7) 18.3 (5.8) 0.002% <0.001°
DemTect (max. 18) 16.4 (2.1) 12.1 (2.7) 5.6 (3.2) 0.009%; <0.001°
Clock drawing test 1 2.7 (1.5) 4.0 (1.4) <0.04%; <0.001°
Duration (month) 47.7 (42.5) 35.5 (15.3)
AChEI 0 0 0
Other centrally acting medication 0 0
Nicotine abuse 0 0

Values expressed as mean (SD). Significance testing was done by pairwise Mann-Whitney U test

AD Alzheimer’s disease, MCI mild cognitive impairment, MMSE Mini-Mental State Examination, NS not significant, AChEI acetylcholinesterase

inhibitors
#Significant difference between normal controls and MCI

b Significant difference between normal controls and AD

@ Springer



Eur J Nucl Med Mol Imaging (2011) 38:515-525

519

gender, although the AD patients tended to be older. As
expected MMSE and DemTect scores in patients with AD
or MCI were lower than in controls, and the clock drawing
test was normal in all HC (value of 1) with pathological
values in the AD group, respectively. Clinical follow-up
over a mean period of 17 months (range 7-29 months)
revealed a conversion to AD in five of the eight MCI
patients (three amnestic MCI and two multidomain
amnestic MCI). These were classified as converters
(MCI-C), whereas three MCI patients showed stable
disease (MCI-S).

2-['®F]FA-85380 plasma protein binding and metabolites

There was no significant difference according to plasma protein
binding of 2-['®*F]JFA-85380 in arterial plasma between the
groups. Plasma protein binding of 2-['*FJFA-85380 was low
at 17+4% and did not show significant differences between
the groups. On average the non-metabolized 2-['*F]FA-85380
in plasma tended to be lower in patients than in HC at later
time points (>120 min p.i.); however, a high interindividual
variability of the data was observed. For details see Sorger et
al. [17, 18].

2-['®*F]FA-85380 BPyp in the brains of normal controls

In our normal control subjects, the 2-['8F]FA-85380 BPxp
in the human brain was highest in the thalamus (mean+SD
1.8+0.4), intermediate in cortical regions (0.4+0.1), in the
striatum [caudate nucleus (0.7+£0.2), putamen (0.7+0.2)]
and in the cerebellum (0.6+0.3) (Table 2).

2-["®F]FA-85380 Vr in the CC showed no significant
difference between the three groups (HC 4.0+0.6, MCI
patients 4.5+0.3, AD patients 4.6+0.3; p=0.72 AD vs HC
and p=0.53 MCI vs HC).

Group differences in 2-['*F]JFA-85380 BPxp: ROI analysis

Table 2 shows the mean of 2-['*F]JFA-85380 BPyp within
each ROI for controls, patients with AD and patients with
MCI. There was a significantly reduced 2-['*F]FA-85380
BPxp in AD compared to HC in the frontal and temporal
cortex bilaterally, the posterior cingulate cortex bilaterally,
the right hippocampus, the left caudate head and the right
anterior cingulate cortex. In MCI patients significantly
reduced 2-['®F]FA-85380 BPyp was found in the frontal
cortex bilaterally, the right parietal cortex, the left temporal

Table 2 BPnp of 2-['®F]FA-

85380 in different brain regions Controls (n=7) MCI (n=8) AD (n=9) Significance
for healthy controls, patients
with Alzheimer’s dementia R frontal 0.37 (0.11) 0.20 (0.07) 0.21 (0.09) <0.01%, <0.005°
(AD) and patients with MCI L frontal 0.34 (0.13) 0.18 (0.08) 0.19 (0.11) <0.01?, <0.005°
R parietal 0.35 (0.14) 0.21 (0.09) 0.25 (0.13) <0.05°
L parietal 0.36 (0.12) 0.23 (0.10) 0.25 (0.09)
R temporal 0.32 (0.16) 0.19 (0.11) 0.14 (0.08) <0.005°
L temporal 0.34 (0.11) 0.17 (0.08) 0.16 (0.10) <0.01?, <0.001°
R occipital 0.32 (0.14) 0.18 (0.10) 0.21 (0.11)
L occipital 0.32 (0.16) 0.22 (0.11) 0.23 (0.13)
R cerebellum 0.58 (0.27) 0.45 (0.06) 0.45 (0.13)
L cerebellum 0.56 (0.31) 0.42 (0.11) 0.46 (0.14)
R hippocampus 0.50 (0.16) 0.23 (0.14) 0.27 (0.18) <0.01°, <0.005°
L hippocampus 0.45 (0.19) 0.30 (0.09) 0.26 (0.17)
R anterior cingulate 0.40 (0.18) 0.29 (0.05) 0.19 (0.12) <0.005°
L anterior cingulate 0.41 (0.12) 0.32 (0.13) 0.28 (0.11)
R post. cingulate 0.55 (0.14) 0.39 (0.14) 0.27 (0.13) <0.05, <0.001°
L post. cingulate 0.55 (0.14) 0.38 (0.16) 0.31 (0.15) <0.001°
R caudate 0.77 (0.21) 0.38 (0.23) 0.36 (0.18) <0.05% <0.001°
L caudate 0.58 (0.15) 0.29 (0.20) 0.33 (0.22) <0.05°
R putamen 0.70 (0.24) 0.63 (0.16) 0.62 (0.20)
Significance testing was done by L putamen 0.69 (0.21) 0.63 (0.14) 0.64 (0.24)
pairwise Mann-Whitney U test. R thalamus 1.79 (0.39) 1.86 (0.54) 1.56 (0.57)
Values expressed as mean (SD) L thalamus 1.88 (0.50) 1.83 (0.58) 1.53 (0.52)
*Significant difference between Brainstem 0.88 (0.33) 0.67 (0.16) 0.66 (0.23)
normal controls and MCI R periventricular white matter 0.66 (0.22) 0.67 (0.13) 0.64 (0.22)
® Significant difference between [ periventricular white matter 0.67 (0.18) 0.69 (0.20) 0.64 (0.22)

normal controls and AD
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cortex, the right hippocampus, caudate head bilaterally and
the right posterior cingulate cortex. A subgroup analysis of
MCI-C and MCI-S patients revealed a significantly reduced
2-['®F]FA-85380 BPyp in the aforementioned and addi-
tional brain areas, whereas MCI-S patients showed no brain
areas with a significantly reduced 2-['®*F]FA-85380 BPnp
(Table 3).

Group differences in 2-['*F]JFA-85380 DVR: SPM analysis

An explorative SPM analysis was performed to detect
further regions with reduced 2-['®F]FA-85380 binding.

There were no significant differences for the analysis of
2-["*F]FA-85380 V1 images between HC and AD or MCI
patients.

Analysing 2-['®F]JFA-85380 DVR by using the CC as a
reference region (2-['*F]JFA-85380 DVRcc) exploratory
SPM99 analysis revealed significantly lower 2-['*F]FA-
85380 DVR in AD compared to HC in the precuneus/
posterior cingulate cortex, the left thalamus, right hippocam-
pus/parahippocampal, the temporal cortex and frontal cortex
bilaterally, and the left caudate head at p<0.005ncomected- I
MCI patients significantly reduced 2-['*F]JFA-85380 DVRcc
was found in the precuneus/posterior cingulate cortex, right

hippocampus/parahippocampal, the frontal cortex, the superior
temporal gyrus bilaterally and the superior frontal gyrus
bilaterally at p<0.005,comectea (Fig. 1, left column). These
findings could be reproduced in smaller clusters with p<
0.001 yncorrectea (Fig. 1, right column).

Using the cerebellum as a reference region, explor-
atory SPM99 analysis of 2-['*F]FA-85380 DVRce at p<
0.005 hcorrected demonstrated significantly lower 2-[18F]
FA-85380 DRVce in AD and MCI patients in similar
regions (AD: right precuneus/posterior cingulate cortex
and thalamus bilaterally; MCI: precuneus/posterior cingu-
late cortex and temporal cortex, respectively), however,
compared to the results of the SPM analysis of 2-['*F]FA-
85380 DVRcc between HC and AD or MCI at p<
0.005uncorrected to a smaller extent. The extent of signifi-
cantly reduced 2-['®F]FA-85380 DVRce in AD and MCI
at p<0.005,ncorrecteda Was approximately similar to the
extent of significantly lower 2-['*F]JFA-85380 DVRcc in
AD and MCI at p<0.001 ypcorrectea (Fig. 1, middle and right
columns).

A SPM99 subgroup analysis of the 2-['*F]FA-85380
DVRce of MCI-C patients and the MCI-S patients
compared to the healthy controls revealed at most very
small clusters of lower 2-['®F]JFA-85380 DVRcc between

Table 3 BPnp of 2-['*F]FA-

85380 in different brain regions Controls (n=7) MCI-C (n=5) MCI-S (n=3)
for healthy controls, patients
with MCI converting to AD R frontal 0.37 (0.11) 0.15 (0.03)** 0.27 (0.06)
(MCI-C) and MCl-patients with L frontal 0.34 (0.13) 0.15 (0.06)* 0.23 (0.09)
stable cognitive course (MCI-S) g o101 0.35 (0.14) 0.17 (0.05)* 0.27 (0.10)
L parietal 0.36 (0.12) 0.18 (0.08)* 0.31 (0.09)
R temporal 0.32 (0.16) 0.11 (0.05)* 0.31 (0.05)
L temporal 0.34 (0.11) 0.12 (0.06)** 0.25 (0.03)
R occipital 0.32 (0.14) 0.13 (0.07)* 0.27 (0.08)
L occipital 0.32 (0.16) 0.16 (0.04)* 0.31 (0.13)
R cerebellum 0.58 (0.27) 0.40 (0.03) 0.52 (0.03)
L cerebellum 0.56 (0.31) 0.35 (0.06) 0.53 (0.07)
R hippocampus 0.50 (0.16) 0.18 (0.07)** 0.30 (0.20)
L hippocampus 0.45 (0.19) 0.30 (0.11) 0.28 (0.17)
R anterior cingulate 0.40 (0.18) 0.29 (0.04) 0.29 (0.08)
L anterior cingulate 0.41 (0.12) 0.24 (0.05)* 0.46 (0.07)
R post. cingulate 0.55 (0.14) 0.29 (0.04)** 0.55 (0.06)
L post. cingulate 0.55 (0.14) 0.29 (0.04)** 0.53 (0.18)
R caudate 0.77 (0.21) 0.26 (0.11)** 0.58 (0.27)
L caudate 0.58 (0.15) 0.20 (0.09)** 0.43 (0.26)
Significance testing was done by R putamen 0.70 (0.24) 0.53 (0.06) 0.79 (0.13)
pairwise Mann-Whitney U test, L putamen 0.69 (0.21) 0.58 (0.08) 0.71 (0.20)
Significant difference between R thalamus 1.79 (0.39) 1.57 (0.43) 2.32 (0.33)
2%?;1 fg;g‘(’)lz(‘;‘;dﬁg(;;; ﬁ*_p L thalamus 1.88 (0.50) 151 (0.41) 236 (0.42)
cant difference between normal Brainstem 0.88 (0.33) 0.56 (0.05) 0.85 (0.06)
controls and MCI-S was ob- R periventricular white matter 0.66 (0.22) 0.61 (0.11) 0.77 (0.10)
served. Values expressed as L periventricular white matter 0.67 (0.18) 0.62 (0.19) 0.80 (0.19)

mean (SD)
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Fig. 1 SPM projections onto
standard template of clusters,
where the 2-['®F]FA-85380 dis-
tribution volume ratio is signif-
icantly decreased in AD patients
and MCI patients compared with
healthy control subjects. Data
were scaled to the corpus cal-
losum (CC) and the cerebellum
as reference region. Medial
views (fop), posterior view
(second row left), anterior view
(second row right), lateral views
(third row), inferior view (bot-
tom left) and superior view
(bottom right)

Scaled to: CC

healthy controls and MCI-S patients, whereas MCI-C
patients showed significantly (p<0.005,ncorrected) reduced
2-['"®F]FA-85380 DVRcc in regions similar to those found
for the comparison between healthy controls and AD at p<
0.005ncorrected (Fig. 2 and Fig. 1, left column).

Relationship between regional 2-['*F]FA-85380 BPxp
(ROI analysis) and severity of cognitive symptoms

Spearman correlation analyses yielded significant (p<
0~05uncorrected for multiple comparisons) correlations between the
cognitive performance as scored by means of the MMSE
and the 2-['®F]JFA-85380 BPyp in the following brain

p<0.005 uncorrected

2-[18F]FA-85380-DVR vs. healthy controls

Cerebellum CcC

p<0.001 uncorrected

regions: right caudate, temporal and posterior cingulate
cortex bilaterally, and right anterior cingulate cortex.
Correlation coefficients ranged from 0.39 (right anterior
cingulate cortex) to 0.56 (left posterior cingulate cortex).
Furthermore, significant positive correlations between the
DemTect score and the 2-['F]JFA-85380 BPyp were
observed in the caudate head bilaterally, the frontal,
temporal and posterior cingulate cortex bilaterally, and the
left anterior cingulate cortex, ranging from 0.38 (left
anterior cingulate cortex) to 0.61 (left posterior cingulate
cortex). Figure 3 shows the relationship between the
DemTect score and the 2-['®F]FA-85380 BPyp in the
caudate head and the frontal, temporal and posterior
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MCI-C vs. HC MCI-S vs. HC
A B

2-[18F]F-A85380-DVR 2-[18F]F-A85380-DVR

p<0.005 uncorrected

Fig. 2 SPM projections onto standard template of clusters, where the
2-['®F]FA-85380 distribution volume ratio is significantly decreased
in the MCI patients who converted to AD (MCI-C) patients compared
with healthy control subjects (a), while stable MCI patients (MCI-S)
show only minor changes (b). Medial views (fop), posterior view
(second row left), anterior view (second row right), lateral views (third
row), inferior view (bottom left) and superior view (bottom right)

cingulate cortex in our study cohort. However, in this small
sample size there were no significant correlations between
the 2-['"*F]FA-85380 BPyp and cognitive sub-functions like
memory or recall assessed by sub-scores in the DemTect or
to the CERAD test battery or the Wechsler Logical Memory
Scale in any of the brain regions.

Discussion

This study provides in vivo support for an early reduction
of a432* nAChRs in the onset of AD by revealing a
significant reduction of 2-['*F]FA-85380 binding in patients
with MCI and in early dementia in AD. Our study included
eight patients with amnestic MCI, patients who have a high
likelihood to progress to AD, as was the case in five of the
MCI patients. The lack of further cognitive decline in the
three MCI patients with normal «x432* nAChR availability
in our study supports the aetiological heterogeneity of MCI.
Since postmortem analysis of the cholinergic neurons
suggests the existence of a critical neuron loss as a threshold
between normal aging and AD [26], this finding could be a
hint that 2-['"®F]FA-85380 PET might give prognostic
information about a conversion from MCI to AD. Our

@ Springer

findings suggest that the reduced a4p32* nAChR binding
may be a very early marker in the course of AD. These data
are supported by recent autoradiographic investigations
showing that «432* nAChR deficits in AD brains represent
an early phenomenon in the course of the disease [26]. The
topographical pattern of the o432* nAChR reduction
detected in the AD and MCI patients in our study is
supported by postmortem studies in AD. These studies
revealed significant «432* nAChR deficits (up to 75% as
compared to normal controls) in the temporal and frontal
cortex, in the hippocampus and in the caudate nucleus of
AD patients [27-30]. In our study, significantly reduced
o4p2* nAChRs within the a priori selected ROIs were
expected and proven in the frontal cortex bilaterally, the
temporal cortex bilaterally, the posterior cingulate cortex
bilaterally, the caudate nucleus bilaterally, and the right
hippocampus and anterior cingulate cortex in AD patients.
Similar reductions were seen in MCI patients. The results
from the a priori ROI analysis could be reproduced by
explorative voxel-based analysis using SPM99.

Our results are in line with studies using the PET tracer
[''C]nicotine, and more recently, the single photon emis-
sion computed tomography (SPECT) tracer ['**1]-5-iodo-3-
[2(S)-2-azetidinylmethoxy]pyridine (['**1]-51A-85380) for
in vivo imaging of «432* nAChRs in patients with AD and
MCI [24, 31, 32]. In [''C]nicotine PET studies a signifi-
cantly lower [''C]nicotine binding was observed in the
brain of AD patients with mild to moderate dementia
compared to healthy controls [31, 33], especially in the
frontal cortex, temporal cortex and hippocampus [31].
Studies using the SPECT tracer ['*I]-5IA-85380 and
scaling to a reference region could also demonstrate a
significant reduction of tracer uptake in the frontal cortex,
the right medial temporal cortex, the striatum and the pons
in AD and in the medial temporal cortex in MCI [24, 32].

In contrast, one recently published PET study using 2-['*F]
FA-85380 [34] and one SPECT study using ['**I]-5IA-85380
[35] in early AD patients could not detect significant
differences in the a432* nAChR availability between patients
and healthy controls. In addition to different study popula-
tions, the divergent results among the published in vivo
studies might be related to different quantification methods.
While differences in nAChR availability between healthy
controls and patients could be observed in the SPECT studies
that performed scaling to a reference region [24, 32], the study
by Mitsis et al. [35] could not reproduce the results by using a
bolus-infusion protocol. In the PET study a simplified
modelling method without arterial blood samples was used
and normalization to a reference region was not performed. In
line with these studies, we could detect no significant
differences between HC and AD or MCI patients, respective-
ly, when analysing 2-['®*F]JFA-85380 V1 with SPM99 or ROI
analysis, possibly due to (1) the small sample size, (2) a
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Fig. 3 Correlation between 2-['®F]JFA-85380 BPxp and DemTect in the four brain areas with the highest correlations a Right caudate head. b
Right posterior cingulate cortex. ¢ Left temporal cortex. d Right frontal cortex. Open circle healthy controls, grey circle MCI, black circle AD

relatively high interindividual variability of 2-['*F]FA-85380
Vrand (3) a relatively high amount of nonspecific binding of
2-['®F]FA-85380 that masks group differences in small
sample sizes. However, it is well known that the group
variability can be reduced using an appropriate reference
region [36]. The normalization of regional 2-["®F]FA-85380
Vr to a reference region (cerebellum or CC), as performed in
this study and thus gaining DVR values, therefore
serves to minimize the influence of interindividual
variability and allows better detection of potential group
differences.

Using DVR values in brain studies exactly eliminates a
constant multiplicative error in the input function. It can
therefore be expected that DVR are less affected by
measurements of the amount of unmetabolized parent
compound. Since f, is a multiplicative factor in the input
function, DVR gets independent of the individual f;, value
and noise associated with its measurement.

Choosing the right reference region is of extreme impor-
tance when calculating DVR. Although white matter refer-
ence regions have been used in quantification of
neuroreceptors before [37], one cannot rule out differences
in unspecific binding between the reference region and the
grey matter cortical brain areas in individual subjects or
between the groups analysed. However, we could detect
differences in similar regions between the groups by using
the CC and the cerebellum as reference regions with a higher
magnitude by using the CC. Since the CC has the lowest
density of o4f32* nAChRs in the human brain and the
lowest 2-['®F]JFA-85380 V-, and since the 2-['*F]FA-85380
binding in the CC is almost non-displaceable by nicotine
[23], the effect of small differences of 2-['*F]FA-85380 V7
in the CC between the groups is less likely to have an impact
on results found compared to other, receptor-rich areas like
the cerebellum or whole grey matter normalization. We
therefore assume that our findings are due to a true reduction
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in x4p2* nAChR in the grey matter in AD and MCI patients
and not due to differences in unspecific binding between the
three groups.

While using the CC as a reference region would greatly
simplify quantification of ['*’I]-51A-85380 uptake [38], its
drawbacks like relatively small size and direct neighbourhood
to the ventricle makes it difficult to use during quantification
in SPECT studies. Previous SPECT studies showing o4[32*
nAChR reductions in AD and MCI patients have therefore
used the cerebellum as a reference region [24, 32, 33, 39]. We
could also detect significant group differences using the
cerebellum as a reference region, which were observed in
the same brain regions as in the CC scaled analysis. However,
the magnitude of group differences in our study was higher
using CC scaled data. This could be due to the fact that the
human cerebellum contains «4(32* nAChRs [23, 40]. Given
the higher spatial resolution of PET compared to SPECT and
using individual coregistered MRIs to define the outline and
thus minimizing spillover effects, using the CC as a reference
region in PET studies seems to be more suitable to detect
reduced a4(32* nAChR availability in AD/MCI compared to
HC.

There was a weak correlation between the global
cognitive performance, assessed by MMSE and DemTect,
and the «432* nAChR availability in brain regions known
to be affected in AD if the whole study group was analysed.
Hereby, both the MMSE and the DemTect showed similar
correlation coefficients. This finding could indicate a stage
sensitivity of the «4(32* nAChR decline as previously
reported with [''C]nicotine [31]. However, the correlation
was not significant in the AD or MCI group alone, possibly
due to the small sample size, and the restricted variability in
neuropsychological performance. We could not observe a
significant correlation between the a432* nAChR avail-
ability in brain regions and cognitive sub-functions
assessed by sub-scores in the DemTect like memory or
recall, the CERAD test battery or the Wechsler Logical
Memory Scale, respectively, maybe due to the small
number of patients in the study.

Atrophy in AD and consecutive atrophy effects on the PET
data are important factors that need to be considered in
interpreting these measurements. However, we intentionally
did not make use of an automated atrophy correction method
in order to avoid the fundamental problem of overcorrection
in this case. To minimize atrophy effects, we defined irregular,
exclusively relevant brain tissue-containing ROIs based on
the individual MRI after PET vs MRI coregistration. Since a
reduction in o432* nAChRs can also be verified in MCI
patients, who had no cerebral atrophy in our cases, we are
confident that the results obtained in the AD patient group are
primarily not an atrophy effect. However, we cannot rule out
an involvement of atrophy effects on the results of the AD
group entirely.

@ Springer

In conclusion, this study gives in vivo indication of an
carly affection of x4f32* nAChRs in AD. Decrease in
a4p32* nAChR binding can be detected already in MCI.
2-['®F]FA-85380 PET appears to be a sensitive and feasible
tool for the detection of pathophysiologically relevant
receptor changes in the cholinergic system. In addition,
2-['"®F]FA-85380 PET might give prognostic information
about a conversion from MCI to AD.
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