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A B S T R A C T

Elucidating the relationship between neuronal metabolism and the integrity of the cholinergic system is pre-
requisite for a profound understanding of cholinergic dysfunction in Alzheimer's disease.

The cholinergic system can be investigated specifically using positron emission tomography (PET) with [11C]
N-methyl-4-piperidyl-acetate (MP4A), while neuronal metabolism is often assessed with 2-deoxy-2-[18F]fluoro-
D-glucose-(FDG) PET. We hypothesised a close correlation between MP4A-perfusion and FDG-uptake, permitting
inferences about metabolism from MP4A-perfusion, and investigated the patterns of neuronal hypometabolism
and cholinergic impairment in non-demented AD patients.

MP4A-PET was performed in 18 cognitively normal adults and 19 patients with mild cognitive impairment
(MCI) and positive AD biomarkers. In nine patients with additional FDG-PET, the sum images of every combi-
nation of consecutive early MP4A-frames were correlated with FDG-scans to determine the optimal time window
for assessing MP4A-perfusion. Acetylcholinesterase (AChE) activity was estimated using a 3-compartmental
model. Group comparisons of MP4A-perfusion and AChE-activity were performed using the entire sample.

The highest correlation between MP4A-perfusion and FDG-uptake across the cerebral cortex was observed
60–450 s after injection (r= 0.867). The patterns of hypometabolism (FDG-PET) and hypoperfusion (MP4A-
PET) in MCI covered areas known to be hypometabolic early in AD, while AChE activity was mainly reduced in
the lateral temporal cortex and the occipital lobe, sparing posterior midline structures.

Data indicate that patterns of cholinergic impairment and neuronal hypometabolism differ significantly at the
stage of MCI in AD, implying distinct underlying pathologies, and suggesting potential predictors of the response
to cholinergic pharmacotherapy.

1. Introduction

Currently, there is renewed interest in the role of the cholinergic

system in physiological aging and Alzheimer's disease (AD) (Bohnen
et al., 2018; Grothe et al., 2016; Hampel et al., 2018a; Richter et al.,
2018; Schmitz et al., 2018; Schmitz et al., 2016), arguably influenced
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by recent challenges in the development of anti-amyloid- and anti-tau-
treatments (Cummings et al., 2014; Hampel et al., 2018b). To date, the
only effective medical treatments for dementia due to AD target the
cholinergic and glutamatergic neurotransmission (Cummings et al.,
2014). Significant advances have recently been made concerning the
imaging of the cholinergic system. For positron emission tomography
(PET), the [18F]-based tracers [18F]-fluoroethoxybenzovesamicol
(FEOBV), which binds to the presynaptic vesicular acetylcholine
transporter (Aghourian et al., 2017; Schmitz et al., 2018), and [18F]-
flubatine, a ligand of α4β2 nicotinic acetylcholine receptors (Sabri
et al., 2018), were developed for use in humans. A multimodal phar-
macological imaging study using the acetylcholinesterase-(AChE)-
tracer [11C]-N-methyl-4-piperidyl acetate (MP4A) revealed that the
imaging of the cholinergic system allows identifying patients who will
benefit from cholinergic stimulation before showing dementia (Richter
et al., 2018). The tracers used in the studies mentioned above were
designed to provide specific information about the cholinergic system
(Aghourian et al., 2017; Namba et al., 1999), rather than regional hy-
pometabolism, which in turn is thought to reflect the extent of neuronal
injury (Albert et al., 2011). Regional hypometabolism is routinely as-
sessed by 2-deoxy-2-[18F]fluoro-D-glucose ([18F]-FDG)-PET (Teipel
et al., 2015). As for most PET tracers, the distribution of MP4A during
the first minutes after intravenous injection largely depends on cerebral
perfusion (Herholz et al., 2000), which – in turn – is closely linked to
cerebral glucose metabolism (Paulson et al., 2010). Consistently, for a
number of PET-tracers of amyloid- and tau-pathology scans acquired
early after injection highly correlated with [18F]-FDG-PET scans of the
same individual (Daerr et al., 2017; Forsberg et al., 2012; Hammes
et al., 2017; Hsiao et al., 2012; Rodriguez-Vieitez et al., 2017;
Rostomian et al., 2011). Evidence from patients with dementia due to
AD suggests that a similar approach may be feasible using MP4A
(Herholz et al., 2000).

AD pathology develops years before the patients show symptoms of
dementia (Bateman et al., 2012; Jack et al., 2010; Knopman et al.,
2012). Since it is widely assumed that treatment may be more effective
before neurodegeneration has proceeded, the focus of current research
of pharmacological treatment of AD has shifted to the earliest stages of
the disease (Sperling et al., 2011). We here studied patients with po-
sitive cerebrospinal fluid-based biomarkers, suggesting AD, at the stage
of mild cognitive impairment (MCI), characterised by relatively subtle,
but objectifiable neuropsychological deficits despite unimpaired activ-
ities of daily living. We hypothesised that the radiotracer MP4A, de-
signed to characterise the cholinergic system, could additionally pro-
vide information on neuronal metabolism that is routinely assessed by
FDG. Specifically, we hypothesised (1) that MP4A-perfusion during the
first ten minutes after injection is highly correlated with FDG-uptake,
especially in areas with glucose hypometabolism, and (2) that patterns
of hypometabolism and reduced AChE activity at this disease stage
would be distinctly different.

2. Methods

2.1. Participants

Twenty patients diagnosed with MCI (11 male, 9 female, aged 54 to
80, mean 68.8 ± 6.8 years), without neurological or psychiatric co-
morbidities and positive cerebrospinal fluid-based biomarkers of AD
pathology and signs of neuronal injury, were recruited as part of the
study MACS (Memory, Aging and the Cholinergic System, EudraCT No.
2008–008896-32) as previously described in detail (Richter et al., 2018;
Richter et al., 2017). In brief, the ethics committee of the medical fa-
culty of the University of Cologne, as well as local and federal autho-
rities, had approved the study. All participants provided written in-
formed consent before the study. One patient withdrew the consent
during the study. Twenty-two cognitively normal older adults (14 male,
8 female, aged 53 to 80, mean 66.6 ± 7.1 years) without a history of a

neurological or psychiatric disease and cholinergic, anticholinergic or
other psychoactive drugs were recruited from the community as con-
trols. Five participants were not eligible for further analyses due to an
incidental pathological finding (n=1; severe cerebral atrophy), severe
dental metal artefacts in MRI (n= 2), PET acquisition failure due to
technical issues (n= 1), and withdrawn consent (n=1). Nine patients
had additionally received FDG-PET during the routine clinical workup.
Thus, MP4A data of 18 controls and 19 MCI patients entered the ana-
lyses, and FDG- and MP4A-scans were available from a subsample of 9
patients. To assess the pattern of glucose hypometabolism, the nine
patients that had also received an FDG-PET were compared to FDG-
scans from twelve cognitively normal older healthy adults (8 male, 4
female, aged 51 to 79, mean 64.5 ± 9.5 years) without history of
medical or psychiatric illness, who had received an FDG-PET scan at the
MR-Brain-PET under the same conditions.

All participants underwent a physical and neurological examination
by a neurologist and a comprehensive neuropsychological assessment
consisting of the German version of the Mini-Mental State Exam
(MMSE) (Kessler et al., 1990), Beck's Depression Inventory V (Schmitt
et al., 2006), the Bayer Activities of Daily Living (Hindmarch et al.,
1998), the Trail-Making-Test A and B (Berres et al., 2000), Brief Test of
Attention (Schretlen et al., 1996), the Leistungsprüfsystem part 4 (lo-
gical thinking) (Horn, 1983), the Verbal Learning and Memory Test
(VLMT; the German version of the Rey Auditory Learning Test
(Helmstaedter et al., 2001)), and the Rey-Osterrieth Complex Figure
Test (ROCF) (Rey, 1964). MCI was defined as performance> 1.5
standard deviations below the norm in the delayed recall of the VLMT,
and> 24 points in the MMSE, as well as normal scores in tests of at-
tention, logical thinking and activities of daily life.

2.2. Imaging acquisition

MP4A was synthesised as previously described (Haense et al., 2012;
Herholz et al., 2000), with minor modifications, and 471.06MBq
(standard deviation 78.99MBq) were injected intravenously as a bolus.
MP4A-PET-scanning was performed immediately after tracer injection
using an ECAT HRRT scanner (CPS Innovations, Knoxville TN, USA)
using the protocol described by Haense et al. (2012). Participants had
their eyes closed and ears unplugged in a dimly lit room with minimal
background noise.

FDG scanning was performed using a 3 T MR-Brain-PET scanner
(Siemens, Erlangen, Germany) consisting of a 3 T MR system MAGNE-
TOM Trio with a custom built BrainPET insert in the bore of the magnet
(Herzog et al., 2011). After intravenous injection of 200MBq FDG,
patients lay supine in the MR scanner while structural and functional
MRI scans were acquired. During this time patients were instructed to
keep their eyes open to avoid falling asleep. They wore earplugs to
reduce MR-scanner noise. FDG-scanning was performed during minutes
30–60 after injection and reconstructed with OSEM in 5-minute frames.
After filtering with a Gaussian kernel of 3mm FWHM, frames were
realigned using PMOD Version 3.4 (PMOD Technologies Ltd., Zurich,
Switzerland) and summed. The average time delay between FDG- and
MP4A scanning was 73.8 days (standard deviation: 40.5 days). High-
resolution T1-weighted images (MDEFT3D; repetition time (TR)
1930ms; inversion time (TI) 650ms; echo time (TE) 5.8 ms; flip angle
18°; 128 sagittal slices; resolution 1.0×1.0×1.25mm3) were ac-
quired using a 3 T Trio scanner (Siemens, Erlangen, Germany) with a
32-channel coil.

2.3. PET processing

Basic image arithmetics, realignment and co-registration of images
were performed employing different modules of the FSL software
package (FMRIB's Software Library, Version 5.0, http://www.fmrib.ox.
ac.uk/fsl) as follows. For the nine patients who had both an MP4A- and
an FDG-PET scan, the first ten frames of each MP4A-scan, covering
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0–600 s, were realigned with MCFLIRT (Jenkinson et al., 2002) and
summed in all possible combinations of consecutive frames. The re-
sulting early MP4A-windows (from here on referred to as MP4A-per-
fusion images) were rigidly co-registered to the participant's FDG-scan,
which had previously been co-registered to the corresponding high-
resolution T1-image using FLIRT (Jenkinson and Smith, 2001). A
nonlinear spatial normalization of the T1-image to MNI-space was
performed using the CAT12 toolbox (Computational AnatomyToolbox
12, http://www.neuro.uni-jena.de/cat/) implemented in SPM12
(www.fil.ion.ucl.ac.uk/spm/software/spm12) and resampled to an
isotropic resolution of 2mm. The deformation fields computed in this
process were applied to the co-registered MP4A-perfusion images,
thereby normalising these to MNI-space. MP4A-perfusion images were
smoothed with a Gaussian kernel 11mm FWHM and FDG- images with
a Gaussian kernel of 8mm FWHM for an equal resultant smoothness.

AChE activity was assessed by quantifying the hydrolysis rate k3 of
MP4A at the voxel level. Images were processed as follows: (1) Rigid-
body co-registration of the sum of the first 10min of the PET-scan to the
T1-image; (2) rigid-body co-registration of all consecutive frames to the
co-registered first 10-minute frame; (3) filtering of all individual frames
with a Gaussian kernel (12mm FWHM) with restriction of the kernel to
avoid smoothing across high gradients of signal contrast; (4) segmen-
tation (segmentations were visually assessed and edited as necessary)
and parcellation of the T1-image using FreeSurfer 5.0.0 (Dale et al.,
1999; Fischl et al., 2002, 2004); (5) extraction of the kinetic reference
curve from a putaminal region of interest (ROI) defined by use of the
segmented and parcellated T1-image; (6) computation of k3 of MP4A at
the voxel level (Herholz et al., 2000; Zundorf et al., 2002) as im-
plemented in the software package VINCI (version 4.20, Max-Planck
Institute for Neurological Research, Cologne, Germany); (7) application
of the nonlinear normalization parameters obtained in the VBM ana-
lysis to the parametric k3-images resulting from the previous step.

2.4. Statistical analyses

For each of the nine patients that had undergone FDG- and MP4A-
PET scanning, Pearson correlations between the two modalities were
computed at the voxel level for each MP4A-perfusion image using an in-
house script in the software R (https://cran.r-project.org/). To average
the intra-subject correlation coefficients across patients, their Fisher-Z-
transformations were computed and averaged, and the resulting values
were transformed back to r values (Hammes et al., 2017). Since cerebral
hypometabolism in AD is primarily observed in the cortex (Herholz,
1995; Minoshima et al., 1997), the perfusion window showing the
highest correlation with FDG-uptake across the cerebral cortex was
chosen as the “optimal window”.

In this subsample of nine patients that had undergone FDG- and
MP4A-PET scanning, across-subject correlation coefficients between
MP4A-perfusion images of this optimal window and FDG images were
computed voxel-wise with FSL randomise using two types of SUVR
image for each modality: (1) using the putamen, which also served as
reference region for k3 estimation, and (2) using the whole brain as
reference regions. Regions of interest were defined using the Harvard-
Oxford (Makris et al., 2006) and the MNI anatomical atlases (Mazziotta
et al., 2001), implemented in FSL.

To assess the spatial patterns of glucose hypometabolism, hypo-
perfusion and reduced AChE activity in MCI patients, 2-sample t-tests
against age-matched controls were computed at the voxel level using
non-parametric permutation testing as implemented in FSL randomise
(Nichols and Holmes, 2002; Winkler et al., 2014). For the comparisons
of perfusion and AChE activity, all 18 controls and 19 patients entered
the analyses. Perfusion images with the whole brain as reference region
were used in the voxel-wise comparisons. To assess the pattern of
glucose hypometabolism, the nine patients who had also received an
FDG-PET were compared to FDG-scans from a separate sample of
twelve cognitively normal older healthy adults, as described above.

Resulting statistical maps were family-wise error (FWE) corrected using
threshold-free cluster enhancement (Smith and Nichols, 2009) and
thresholded at p < .05 and a cluster size of ≥100 voxels. The group
sizes for the statistical comparisons are summarised in Table 1.

3. Results

3.1. Correlations between MP4A-perfusion and FDG images

As illustrated in Fig. 1, there was a high degree of similarity be-
tween MP4A-perfusion and the corresponding FDG-uptake images at
the level of the individual patient. Across the cerebral cortex, the
strongest correlation between FDG-uptake and perfusion was observed
during the time from 90 s to 450 s post injection (r= 0.867). However,
the correlation coefficients across all time-windows covering more than
the first 60 s after injection were quite similar, at least 0.775 and for the
most above 0.85 (Table 2).

Across patients, the highest correlations between FDG-uptake and
MP4A-perfusion during the optimal time window (90–450 s after in-
jection), with the whole brain as reference region, were observed in
areas typically showing FDG-hypometabolism in early AD (Herholz,
1995; Minoshima et al., 1997), namely in the parietal lobe (r= 0.768),
and to a lesser degree in the temporal and frontal lobes (Fig. 2 and
Table 3). Generally, correlations were much stronger, especially in the
cortex, when using the whole brain as the reference region for the SUVR
images instead of the putamen (Table 3).

3.2. Group comparisons

FDG uptake was significantly lower in patients compared to con-
trols, especially in posterior midline structures (precuneus and posterior
cingulate cortex (PCC)) with a maximum in the precuneus, but also the
angular gyrus bilaterally and, to a lesser degree in the posterior part of

Table 1
Number of participants.

Test Controls [n] Patients [n]

Intra-subject correlation between FDG-uptake and
MP4A-perfusion

9a

Across subject correlation between FDG-uptake and
MP4A-perfusion

9a

Group comparison of FDG-uptake 12 9a

Group comparison of MP4A-perfusion 18 19
Group comparison of k3 of MP4A 18 19

a Subset of the 19 patients in the group comparisons.

Fig. 1. Representative axial slices from a patient with MCI due to AD, illus-
trating the similarity in the patterns of glucose metabolism (FDG-PET,
30–60min) and perfusion (MP4A-PET 90–450 s). Ellipses highlight the similar
pattern of parietal hypometabolism and decreased perfusion (right more than
left side). Arrows highlight the different relationships between cortical and
subcortical signals in perfusion and FDG-images.
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the left inferior temporal gyrus (Fig. 3a, Table 4). The pattern of MP4A-
perfusion-reduction was similar to that of FDG-hypometabolism, with
the most significant differences in the PCC and the angular gyrus bi-
laterally (Fig. 3b, Table 4). Interestingly, MP4A-perfusion was higher in
patients than in controls in the central region, with maxima in the left
precental gyrus, the right postcentral gyrus and the right cerebellum
(Fig. 3c, Table 4). The pattern of lower levels of cortical AChE activity
was distinctly different from the group difference in perfusion and
glucose metabolism (Fig. 3d). In patients, AChE activity was sig-
nificantly lower in the lateral temporal cortex and the occipital cortex
(for local maxima, please see Table 4). The PCC and the precuneus
exhibited the most significant group differences in the other modalities
but showed no significant group difference in AChE activity.

4. Discussion

We here demonstrate that perfusion images generated from MP4A-
PET provide distinct and valuable information independent of AChE
activity images. MP4A perfusion images were highly similar to the
pattern of neuronal hypometabolism revealed by FDG-PET.
Importantly, this pattern was distinctly different from the cholinergic
changes at the stage of MCI in AD. While glucose hypometabolism and
hypoperfusion were constrained to posterior midline structures and the
temporo-parietal junction, AChE activity was lower in patients
throughout the lateral temporal, parietal and occipital cortices.

4.1. Spatial heterogeneity of cholinergic impairment and neuronal
hypometabolism

In stark contrast to the similar patterns of decreased perfusion and
glucose hypometabolism in MCI, with maxima in the precuneus and
PCC as well as the temporoparietal junction, the pattern of lower AChE
activity was distinctly different. In line with the literature, patients'
AChE activity was significantly decreased in lateral temporal, parietal

and occipital cortices and to a lesser degree in the frontal cortex,
sparing the posterior midline structures most severely affected in the
other modalities (Haense et al., 2012; Richter et al., 2018; Richter et al.,
2017). This pattern fits the caudo-rostral gradient of neuronal loss in
the Nucleus basalis of Meynert (NbM), the origin of most cholinergic
input to the neocortex. The most caudally situated part of the NbM
providing cholinergic input to the superior temporal gyrus and the
temporal pole is affected first, followed by neuronal populations pro-
jecting to the convexities of the cortex and the entire occipital cortex.
The most rostral part of the NbM providing input to the posterior
midline structures and the medial frontal lobe is affected later in the
disease process (Liu et al., 2015). Hence, in AD, the decrease of cortical
AChE activity is expected to begin in lateral temporal areas and to
spread across the convexities and affect the midline structures at later
disease stages. A recent PET study reported a reduction of the vesicular
acetylcholine transporter in lateral temporal cortices and inferior par-
ietal areas in dementia due to AD. However, the authors also reported
significant reductions of FEOBV uptake in posterior midline structures
(Aghourian et al., 2017). This discrepancy to our findings is best

Table 2
Voxel-wise intra-subject correlation coefficients between FDG-PET (30–60min) and every early MP4A-PET time window (i.e. start times 0–450 s and end times
30–600 s) pooled across the cerebral cortex in patients with MCI due to AD (n=9). The highest correlation coefficient was observed for the window from 90–450 s,
as highlighted in bold font.

End 30 s 60 s 90 s 120 s 150 s 180 s 240 s 300 s 450 s 600 s

Start

0 s −0.0918 0.6707 0.7757 0.8137 0.8317 0.8438 0.8481 0.8556 0.8570 0.8575
30 s 0.7139 0.7940 0.8224 0.8370 0.8477 0.8510 0.8582 0.8603 0.8594
60 s 0.8158 0.8399 0.8535 0.8572 0.8621 0.8635 0.8662 0.8657
90 s 0.8268 0.8514 0.8549 0.8598 0.8643 0.8670 0.8661
120 s 0.8387 0.8518 0.8601 0.8658 0.8667 0.8656
150 s 0.8334 0.8539 0.8641 0.8654 0.8639
180 s 0.8452 0.8601 0.8636 0.8605
240 s 0.8469 0.8568 0.8548
300 s 0.8454 0.8436
450 s 0.8223

Fig. 2. Spatial distribution of the voxel-wise across subject correlation between glucose metabolism (FDG-PET, 30–60min) and perfusion (MP4A-PET 90–450 s) in
patients with MCI due to AD (n=9).

Table 3
Regional across subject correlations between glucose metabolism (FDG-PET,
30–60min) and perfusion (MP4A-PET 90–450 s) in patients with MCI due to AD
(n= 9).

Whole Brain reference Putamen reference

Region of interest correlation coefficient correlation coefficient
Whole cortex 0.628 0.483
Parietal cortex 0.768 0.679
Temporal cortex 0.675 0.528
Frontal cortex 0.670 0.441
Occipital cortex 0.449 0.327
Basal ganglia 0.314 0.373
Thalamus 0.358 0.372
Brain Stem 0.355 0.197
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explained by more widespread pathological changes at the stage of
dementia than at the stage of MCI due to AD. In line with this ex-
planation, AChE activity measured using MP4A has also been reported
to be reduced in the posterior midline in manifest dementia due to AD
(Herholz et al., 2000; Shinotoh et al., 2000).

While glucose hypometabolism and hypoperfusion are first ob-
served in the posterior midline structures and spread to the lateral
cortices in the course of the disease, the cholinergic deficit is first ob-
served in lateral temporal areas and involves the precuneus and PCC at
a later stage of the disease. These distinct spatial distributions of altered
cerebral metabolism and AChE activity at the stage of MCI in our data
and their distribution in dementia due to AD imply different spatio-
temporal dynamics of neuronal injury and cholinergic impairment in
early disease stages and a complex relationship to AD pathology. In
early disease stages the effects of remote pathology dominate: Neuronal
hypometabolism in the posterior midline is associated with hippo-
campal injury (Teipel et al., 2016), while cortical cholinergic impair-
ment is attributable to AD pathology in the basal forebrain. At later
disease stages local pathology seems to play a greater role (Aghourian
et al., 2017; Teipel et al., 2016). Further investigations are warranted to
determine if these two parameters or corresponding structural changes,
i.e. the ratio between hippocampal and basal forebrain atrophy, may be
used to predict the response to cholinergic pharmacotherapy in AD at
the stage of MCI.

4.2. Correlations between MP4A perfusion and FDG-PET

A high degree of similarity between the MP4A-perfusion images and
FDG-scans was noticeable already on visual inspection. The two PET-
modalities were highly correlated within participants during all time
windows after the first minute post injection, as in previous reports
(Daerr et al., 2017; Hammes et al., 2017; Rodriguez-Vieitez et al., 2017;
Rostomian et al., 2011; Tiepolt et al., 2016). The specific binding of
MP4A did not have detrimental effects on perfusion images, even
during the later part of the first ten minutes after injection.

Across patients, the closest correlation between perfusion and glu-
cose metabolism was observed in the parietal cortex, followed by the

Fig. 3. Metabolic changes in MCI compared to age-matched controls. Voxel-wise T-tests comparing (a.) FDG-uptake (12 controls, 9 patients; 30–60min p.i.), (b. and
c.) MP4A-perfusion (18 controls, 19 patients; 90–450 s p.i.) and (d.) k3 of MP4A (18 controls, 19 patients). All comparisons are significant at a threshold-free cluster
enhancement FWE-corrected p < .05. z-values indicate the axial slice position (in MNI-coordinates).

Table 4
Group comparisons.

FDG: controls (n=12) > MCI (n=9)

Voxels T x y z Structure Side

1416 6.8 −8 −66 32 Precuneus L
1137 6.79 −46 −52 50 Angular gyrus L
1025 6.63 44 −50 54 Angular gyrus R
197 5.62 −58 −26 −22 Inferior temporal gyrus, posterior L

Perfusion: controls (n=18) > MCI (n=19)
Voxels T x y z Structure Side
7311 5.56 −46 −58 24 Angular gyrus L
4834 5.02 46 −52 28 Angular gyrus R
4203 5.57 −2 −50 32 PCC L

Perfusion: controls (n= 18) < MCI (n= 19)
Voxels T x y z Structure Side
1531 4.67 −6 −26 60 Precentral Gyrus L
225 5.83 22 −50 −28 Cerebellum R
101 4 64 −6 26 Postcentral Gyrus R

Acetylcholinesterase activity: controls (n= 18) > MCI (n= 19)
Voxels T x y z Structure Side
32,345 6.45 −60 −12 −6 Superior temporal gyrus L

6.02 −38 −82 10 Inferior lateral occipital cortex L
5.96 66 −14 0 Superior temporal gyrus R
5.25 48 −66 −10 Inferior lateral occipital cortex R
4.55 −36 12 32 Middle frontal gyrus L
4.34 42 −62 46 Superior lateral occipital cortex R
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temporal and frontal cortex, while the occipital cortex showed the
weakest correlation. The particularly close association between the two
modalities in the temporoparietal cortices, known to show pronounced
glucose hypometabolism in early AD (Herholz, 1995; Minoshima et al.,
1997), is in line with previous reports (Hammes et al., 2017; Mielke
et al., 1994). The high correlation between the two modalities is all the
more striking in light of the delay between the two PET measurements
(73.8 days on average), the use of two different PET scanners, and the
fact that patients were only at the stage of MCI. The weakest correla-
tions were observed in subcortical structures. This is likely due to the
fact that across-subject correlations depend on local signal variance (cf.
Hammes et al., 2017), and that signal variance in areas unaffected by
disease - such as the basal ganglia - is typically low, resulting in weak
correlations between perfusion and glucose metabolism. Low correla-
tions observed in the occipital cortex are probably also attributable to
the fact that occipital cortex is affected late in the course of the disease,
or that patients had their eyes open during the acquisition of the FDG-
PET and closed during MP4A-PET scanning.

ROI-wise correlation coefficients (Table 3) demonstrate a closer
association between the two modalities when using the whole brain as
the reference region instead of the putamen. While AChE activity is
much higher in subcortical structures than in the cerebral cortex (Arai
et al., 1984; Atack et al., 1987; Namba et al., 1999), this discrepancy
likely results from the fact that the subcortico-cortical signal ratio is
higher in perfusion than in glucose metabolism (cf. thalamic and cor-
tical signal in Fig. 1), since similar phenomena have been observed
using the non-cholinergic tracers [15O]-H2O (Wong et al., 2006) and
[18F]-AV-1451 (Hammes et al., 2017).

In MCI, glucose metabolism was significantly decreased in the
precuneus and the angular gyrus bilaterally as well as the posterior part
of the left inferior temporal gyrus. These structures have consistently
been described as sites of glucose hypometabolism in MCI due to AD
(Minoshima et al., 1997; Morbelli et al., 2017; Pagani et al., 2015). In
contrast, perfusion was increased in the central region and the cere-
bellum in MCI (cf. Fig. 3c, Table 4), regions typically less affected in AD
at this stage of the disease (Minoshima et al., 1995). This phenomenon
has been reported when using the whole-brain signal to compute the
SUVR (Hammes et al., 2017; Mielke et al., 1994). Since the whole-brain
reference region also encompasses areas with decreased perfusion,
leading to a smaller denominator in the ratio of the patient group,
perfusion is overestimated in unaffected areas.

5. Conclusion

Spatial patterns of decreased AChE activity and hypometabolism in
MCI differ significantly, suggesting a complex relationship to remote
pathology at this stage of AD. Further studies are warranted to de-
termine the utility of pathological changes in specific structures as
predictors of responsiveness to cholinergic pharmacotherapy at the MCI
stage.

Furthermore, the early acquisition windows of MP4A-PET are
highly correlated with FDG-PET, revealing a substantial overlap of FDG
hypometabolism and MP4A hypoperfusion. Complementary informa-
tion about hypometabolism and cholinergic impairment can thus be
obtained from a single PET examination, reducing the burden on study
participants and patients, simplifying logistics in research and clinical
settings.
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