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Abstract
Purpose Cerebral glucose metabolism measured with [18F]-
FDG PET is a well established marker of neuronal dysfunc-
tion in neurodegeneration. The tau-protein tracer [18F]-AV-
1451 PET is currently under evaluation and shows promising
results. Here, we assess the feasibility of early perfusion im-
aging with AV-1451 as a substite for FDG PET in assessing
neuronal injury.
Methods Twenty patients with suspected neurodegeneration
underwent FDG and early phase AV-1451 PET imaging. Ten
one-minute timeframes were acquired after application of
200 MBq AV-1451. FDG images were acquired on a different
date according to clinical protocol. Early AV-1451 timeframes
were coregistered to individual FDG-scans and spatially nor-
malized. Voxel-wise intermodal correlations were calculated
on within-subject level for every possible time window. The
window with highest pooled correlation was considered opti-
mal. Z-transformed deviation maps (ZMs) were created from
both FDG and early AV-1451 images, comparing against FDG
images of healthy controls.
Results Regional patterns and extent of perfusion deficits were
highly comparable to metabolic deficits. Best results were ob-
served in a time window from 60 to 360 s (r = 0.86).
Correlation strength ranged from r = 0.96 (subcortical gray
matter) to 0.83 (frontal lobe) in regional analysis. ZMs of early
AV-1451 and FDG images were highly similar.

Conclusion Perfusion imaging with AV-1451 is a valid bio-
marker for assessment of neuronal dysfunction in neurodegen-
erative diseases. Radiation exposure and complexity of the
diagnostic workup could be reduced significantly by routine
acquisition of early AV-1451 images, sparing additional FDG
PET.
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Introduction

Molecular imaging of pathologically misfolded and
hyperphosphorylated tau-protein aggregations is of increasing
interest with regard to the understanding of Alzheimer’s dis-
ease (AD) [1–3], frontotemporal lobar degeneration (FTLD)
[4, 5], progressive supranuclear palsy (PSP) and other neuro-
degenerative diseases [6–9]. The tau-protein binding proper-
ties of THK-5351 [10], AV-1451 (formerly known as T807)
[11], PBB-3, MK-6240 [12] and others, are currently under
investigation and show promising results, especially in AD.
However, all tracers can still be considered in an exploratory
stage [13] and the specificity of the binding of some tracers is
under ongoing discussion. Ng et al. have shown in vivo that
the binding of THK-5351 is reduced by the selective MAO-B
inhibitor selegiline [14], and therefore it is now assumed that
binding to MAO-B may be a source of off-target binding in
THK-5351 [15]. Whether this is the case for other tau tracers
remains unclear.

In addition to the detection of underlying pathology with
specific molecular imaging or the analysis of cerebrospinal
fluid, FDG PET is a well-established method for assessing
the extent and spatial distribution of neuronal injury and has
been in use for more than three decades [16, 17]. Because of

* Jochen Hammes
jochen.hammes@uk-koeln.de

1 Multimodal Neuroimaging Group, Department of Nuclear Medicine,
University Hospital Cologne, Cologne, Germany

2 INM-3, Research Center Jülich, Jülich, Germany
3 German Center for Neurodegeneration (DZNE), Berlin, Germany

Eur J Nucl Med Mol Imaging (2017) 44:2249–2256
DOI 10.1007/s00259-017-3840-z

http://orcid.org/0000-0003-2850-9450
mailto:jochen.hammes@ukoeln.de
http://crossmark.crossref.org/dialog/?doi=10.1007/s00259-017-3840-z&domain=pdf


neurovascular coupling, there is a close correspondence of
regional brain metabolism and regional perfusion [18]; com-
parative studies between glucose metabolism and perfusion
imaging in neurodegenerative that show a similarity of defect
patterns date back to the early 1990s [19].

A high correspondence between perfusion imaging, i.e.
early acquisition windows of most of the available amyloid
tracers, and FDG metabolism has also been shown in several
studies [20–24], and early phase FP-CIT-acquisition windows
show promising results in the differential diagnosis of
Parkinsonian syndromes [25]. In addition, a substantial over-
lap between MR-based perfusion imaging with arterial spin
labeling and metabolic imaging with FDG has been demon-
strated [26]. Rodriguez-Vieitez et al. have recently shown that
perfusion images of the tau-tracer THK-5317 are highly cor-
related with the FDG images of the respective patients [27].

This study investigates whether it is feasible to use perfu-
sion imaging with the tau tracer AV-1451 as a proxy variable
for neuronal glucose metabolism and as a measure of neuronal
injury in patients with neurodegenerative diseases. If this were
the case, imaging studies investigating the load of tau protein
aggregations in AD and other neurodegenerative diseaseswith
this tracer could easily include information on the extent of
neuronal damage without having to apply a second imaging
modality, sparing the patient from a second visit and from
additional exposure to radiation. In this study we did not focus
on a single disease entity, but investigated the applicability of
AV-1451 perfusion imaging in a broad spectrum of suspected
diagnoses.

Methods

Patients

Twenty subjects underwent PET imaging in the clinical workup
of a suspected neurodegenerative disease (8 suspected AD, 7
suspected FTLD, 3 suspected PSP, 2 suspected corticobasal de-
generation (CBD)). The studywas carried out in accordancewith
the International Ethical Guidelines and Declaration of Helsinki.

Imaging

PET scans were performed at the Department of Nuclear
Medicine, University Hospital Cologne, Germany, with a
Siemens Biograph mCT Flow 128 Edge scanner (Siemens,
Knoxville, TN) from November 2016 to March 2017. All 20
patients underwent biphasic AV-1451 imaging. Patients were
placed in the scanner and a low-dose CT scan for the purpose
of attenuation correction was acquired. PET image acquisition
began directly after the injection of [18F]-AV-1451 (average ac-
tivity 227 MBq, standard deviation 32 MBq). Ten image frames
of 60 s each were acquired. The patients were asked to lie still

and to keep their eyes closed during the PET acquisition. The
light in the scanner room was dimmed and any loud noise was
avoided. After a pause of 80 min, an additional static image was
acquired over 15 min. Images of the late acquisition window
were not analyzed in this study. Of the patients, 18 underwent
FDG PET imaging on another day in our department (average
time between scans 24 days, standard deviation 33 days) accord-
ing to clinical protocol with [18F]-FDG (average activity
212 MBq, standard deviation 18 MBq). After the injection of
the tracer, patients waited for 30 min lying in supine position in a
room with dimmed light. After that, patients were transferred to
the scanner and a static image was acquired over 15 min. In two
cases, the FDG PETscan was performed in external departments
on different scanner types (GE Discovery STE and Siemens
Biograph 6 True Point) within a two-month time window prior
to the AV-1451 scan.

All PET scans from our department were iteratively recon-
structed using a 3-D OSEM algorithm (four iterations, 12
subsets, Gaussian filter: 5 mm full width at half maximum
(FWHM), 400 × 400 matrix, slice thickness of 3 mm, attenu-
ation correction based on a low-dose CT).

All external scans were acquired in a clinical setting and
reconstructed using an iterative reconstruction algorithm and
CT-based attenuation correction. Where not already present,
external images were smoothed according to the protocol
from our department.

Early [18F]-AV-1451 images were coregistered to the FDG
PET scan of the respective patient. The FDG scans were then
spatially normalized to MNI space [28] to the standard PET
template included with SPM 12 (www.fil.ion.ucl.ac.uk/spm/
software/spm12). The transformation parameters acquired in
this process were also applied to the early [18F]-AV-1451
frames that were in register with the FDG images. The
resulting image resolution was 2x2x2 mm3 with matrix
dimensions of 79x95x78 voxels.

A cubic linear smoothing kernel with a radius of 3 voxels
was applied to the images. Since perfusion or glucose metab-
olism should be assessed only in gray matter (GM), the im-
ages were multiplied with a binary GM mask. This mask was
created based on the SPM probabilistic GM map. A threshold
of a GM probability of 0.5 was chosen after visual anatomical
inspection of the probabilistic map. For every patient, voxel-
wise intra-subject correlation coefficients were calculated for
every possible time frame in the window from 0 to 600 s using
a custom-built Matlab script (The MathWorks, Inc., Natick,
MA). To pool the correlation coefficients over the entire set of
patients, Fisher’s Z-transformations were calculated according
to the formula

z f rð Þ ¼ 1

2
ln

1þ r
1−r

� �
ð1Þ

zf: Fisher’s Z-Transform, r: correlation coefficient [29].
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Pooled Z-transformed correlation coefficients were back-
transformed according to

r z f
� � ¼ exp 2z f −1

� �
exp 2z f þ 1

� � ¼ tanhz f ð2Þ

Pooled correlations coefficients were calculated for the
whole brain and lobe-wise according to the Hammers proba-
bilistic atlas for cortical areas (http://www.brain-development.
org) [30] and according to the Harvard-Oxford Atlas for sub-
cortical areas [31]. The optimal acquisition time was deter-
mined by identification of the time window with the highest
back-transformed pooled correlation coefficient.

To determine the spatial distribution of the correlation
strength, a between-subject correlation coefficient based on
the 20 data pairs of FDG and early AV-1451 PET signals
was calculated for every voxel. Sum-images of the optimal
time window were intensity standardized by SUVR calcula-
tion with the cerebellum defined in the AAL atlas [32] as a
reference region and smoothed with a cubic linear smoothing
kernel with a radius of 3 mm. Since statistical correlation
strength is dependent on the variance in the underlying data,
voxel-wise between-subject standard deviation in the FDG
signal was calculated, as well.

For each of the tracers (FDG images and the early AV-1451
sum-images, respectively), two series of SUVR image-
datasets were created, one using the cerebellum and another
one using the whole brain as reference regions. These normal-
ized images were then individually compared against a mean
image of a set of FDG scans from 18 older healthy controls.
Individual deviations from the norm cohort were then Z-
transformed as described previously [1]. To depict the average
concordance between early AV-1451 and FDG deviation
maps and to assess the feasibility of creating Z-transformed
deviation maps from early [18F]-AV-1451 images with a set of
FDG control data, voxel-wise paired T-tests were performed
to identify areas of significant differences between Z-
transformed deviation maps of the FDG scans and the early
[18F]-AV-1451 scans for the images created both with cerebel-
lar and whole brain as reference regions. FWE-corrected p-
values <0.05 were considered significant.

Early [18F]-AV-1451 sum-images of the optimal time win-
dow and the FDG PET scans of the respective patients were
also processed with NEUROSTAT [33] and compared visual-
ly. Image display and 3D volume renderings were produced in
VINCI 4 [34] andMango (http://ric.uthscsa.edu/mango/index.
html).

To investigate the dependency of suspected diagnosis on
correlation strength, a two sample t-test was performed com-
paring the Fisher’s Z-transformed correlation coefficients
from the optimal time window of the AD and the FTLD
group. CBD and PSP patients were not included in this anal-
ysis due to the low number of patients (nCBD = 2, nPSP = 3).

Results

Voxel-wise pooled whole-cortex intrasubject correlation coef-
ficients for every possible time window are depicted in
Table 1. Table 2 shows the highest correlation coefficients
and optimal time window for the VOI-wise analysis.
Highest correlation coefficients were observed in summed
images for the time window from 60 to 360 s in parietal,
temporal and occipital lobe and in the whole-cortex analysis.
In subcortical GM, voxel-wise intra-subject coefficients were
even higher than in cortical GM. Only in the brain stem VOI
was the correlation between FDG and perfusion signal com-
paratively poor. The average correlation strength did not differ
between the AD and the FTLD group (p = 0.19).

Figure 1 depicts the voxel-wise intra-subject dependency
between FDG and AV-1451 perfusion signal for one exempla-
ry patient with suspected Alzheimer’s disease in several time
windows. A clear linear dependency is present in all time
windows later than 60 s after the injection of the tracer. The
additional signal component in Fig. 1B (red) depicts the inter-
ference caused by extra-cerebral voxels, probably stemming
from cranial soft tissue with a lower glucose metabolism rate
in comparison to the cerebral cortex.

Figure 2 shows the high visual similarity of the FDG-scan
of one patient with suspected Alzheimer’s disease in compar-
ison to the AV-1451 sum-image in the optimal time window.

The visual similarity of 3D stereotactic surface projections
of Z-transformed deviations from an FDG-norm cohort of
individual early AV-1451 and FDG images in one patient with
suspected Alzheimer’s disease is shown in Fig. 3A for both
cerebellum and whole brain as reference regions in SUVR-
creation. Figure 3B depicts the average concordance between
early AV-1451 and FDG Z-deviation maps. When using the
whole brain as the reference region in SUVR-creation, only
areas in the central region and the primary visual cortex show
significantly higher Z-scores in the early AV-1451-based data
as compared to the FDG-based data in a voxel-wise paired T-
test. When using the cerebellum as a reference region, signif-
icant differences are more widely spread. Here, early AV-1451
Z-scores are higher in the central region, in major portions of
the occipital cortex, in the superior temporal cortex and in
frontolateral areas. Cortical FDG Z-scores were not higher
than early AV-1451 Z-scores in any case.

The regional distribution of voxel-wise between-subject
correlations of PET SUVRs is shown in Fig. 4A. High corre-
lation coefficients are present throughout the cortex, except
for the ventral parts of the central region, pons and brainstem.
Figure 4B depicts the dependency of voxel-wise between-sub-
ject correlation and standard deviation in FDG signal across
the 20 patients as a measure of variance in the underlying data
and the probability of the respective voxel belonging to GM
(only voxels with a GM probability were included in the cor-
relation analysis). Voxels with a high GM probability
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generally show high correlation coefficients. In voxels with
enough variance in the FDG data, only high correlation coef-
ficients were found. Only in low-GM-probability areas and
areas with low variance of FDGmetabolism in the underlying
sample were the correlation coefficients poor.

Discussion

In this study, we show for the first time the feasibility of [18F]-
AV-1451 imaging in early acquisition windows as a marker of
cerebral perfusion. A region-specific correlation analysis
yielded high correlation coefficients for cortical and subcorti-
cal areas and identified the time from 60 to 360 s as an optimal
time window where correlation was strongest. However, cor-
relation coefficients in other time frames between 60 and 600 s
were only slightly lower. AV-1451 sum-images from the op-
timal time window proved to have very high visual similarity
to FDG images acquired according to a standard clinical pro-
tocol. The same image processing pipeline used in creating 3D

stereotactic surface projections for the assessment of the re-
gional pattern of the neuronal injury could be used for both set
of images.

The high correlation and the clear-cut visual similarity be-
tween perfusion imaging and metabolic imaging with FDG
has been shown in many prior studies [19, 26, 27], and is
caused by the mechanisms of neurovascular coupling [18].
In our study, the striking overlap between perfusion imaging
with early AV-1451 and metabolic imaging with FDG was
demonstrated to even allow the calculation of voxel-wise de-
viation maps in comparison to the same FDG-based norm
cohort. However, our data show, strength and distribution of
regional perfusion and glucose metabolism are not identical.
The similarity of deviation patterns is highest when the whole
brain is used as the reference region, whereas differences in Z-
scores are higher in deviation maps calculated with the cere-
bellum as the reference region. This finding is probably
caused by a difference of relative cortico-subcortical perfusion
and cortico-subcortical metabolism. Differences between rel-
ative regional metabolism and perfusion have been reported in
previous studies in the cerebellum, pons and some cortical
regions [35]. Our data suggest that the relative perfusion of
subcortical GM in comparison to cortical areas is higher than
the relative FDG metabolism. These differences result in arti-
ficially increased cortical Z-transformed deviations when per-
fusion images are compared to a set of normal controls and a
subcortical reference region is selected for the creation of
SUVR images.

Dissimilarities between early AV-1451 perfusion images
and FDG images might also be influenced by differences of
experimental conditions in the environment of the patients.
While FDG scans were acquired after the patient waited for
30 min lying in supine position in a quiet room with dimmed
light, naturally, the perfusion phase was acquired while the
patient was situated in the scanner and therefore being ex-
posed to a higher level of auditory and visual input.
However, we did not find a significant increase of relative

Table 1 Voxel-wise pooled intra-subject correlation coefficients for every possible time window, whole cortex VOI

End→ 60 s 120 s 180 s 240 s 300 s 360 s 420 s 480 s 540 s 600 s

Start↓

0 s 0.519 0.778 0.833 0.852 0.861 0.863 0.863 0.861 0.859 0.855

60 s 0.801 0.846 0.860 0.865 0.866 0.865 0.863 0.859 0.856

120 s 0.816 0.849 0.858 0.860 0.859 0.857 0.854 0.850

180 s 0.814 0.842 0.849 0.850 0.849 0.846 0.842

240 s 0.804 0.831 0.838 0.839 0.837 0.833

300 s 0.792 0.819 0.826 0.826 0.824

360 s 0.781 0.808 0.813 0.813

420 s 0.768 0.794 0.798

480 s 0.752 0.777

540 s 0.000 0.733

Table 2 highest intra-subject pooled correlation coefficients in lobe-
wise analysis

VOI Optimal
acquisition
window

Highest pooled
intra-subject
correlation
coefficient

Pooled intra-subject
correlation coefficient
in 60–360 s window

frontal 60–300 s 0.826 0.822

temporal 60–360 s 0.854* 0.854*

parietal 60-360 s 0.879* 0.879*

occipital 60-360 s 0.898* 0.898*

basal ganglia 60–540 s 0.959 0.955

thalamus 60–480 s 0.958 0.956

brain stem 60–480 s 0.669 0.653

whole-cortex 60–360 s 0.866* 0.866*

* highest correlation occurred in optimal-acquisition window
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activation in the visual and auditory cortices comparing per-
fusion and FDG images.

It is possible that the early AV-1451 images might be af-
fected by the heterogeneous distribution tau depositions

across regions. This effect would result in artificially increased
perfusion signals in areas of high tau protein densities and, in
turn, in a decrease of correlation strength between FDG and
early AV-1451. As eight of the patients analyzed in this study

Fig. 2 Exemplary images of one patient with suspected Alzheimer’s disease showing high visual similarity of the pattern of hypometabolism in FDG
PET and pattern of hypoperfusion in early AV-1451 image

Fig. 1 Voxel-wise Intra-subject correlations for different time windows in an exemplary patient with suspected Alzheimer’s disease. A: Only voxels
with a GM probability >0.5 included; B: No mask applied, voxels with GM probability <0.5 are shown in red
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Fig. 3 A) 3D–stereotactic surface projections (NEUROSTAT) depicting
regional distribution of Z-transformed deviations of FDG and early AV-
1451 images from a norm cohort in one individual with suspected

Alzheimer’s disease. B) Group analysis with voxel-wise paired T-Test
comparing Z-transformed deviations of early AV-1451 and FDG images
from a norm cohort

Fig. 4 A: Regional distribution of correlation strength depicted by voxel-wise between-subject correlation, B: dependency of voxel-wise between-
subject correlation and standard deviation in FDG signal and probability of the respective voxel belonging to GM
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were suspected AD patients and seven were suspected FTLD
patients, one would expect a relative decrease in regional cor-
relation strength in temporo-parietal and frontal areas if this
effect was strong. However, Figs. 3B and 4 show a rather
strong regional correlation strength in these areas, suggesting
that the influence of specific binding of AV-1451 to tau protein
aggregation has a negligible influence on the perfusion signal.

Hsiao and Lin et al. have previously described that the
highest correlation strength between Florbetapir perfusion im-
aging and FDG imaging is also present in a window from 60
to 360 s [23, 24], while Jin et al. have found the window from
60 to 600 s to be optimal when acquiring perfusion images
with FP-CIT [25]. According to Rodriguez-Vieitez the Tau-
tracer THK-5317 is best suited as a perfusion marker in a very
early time window of 0–180 s, while they have also observed
high correlation coefficients in later time frames. They con-
cluded that the time window for SUVR-creation images could
be determined locally as a function of preference [27]. Taking
our findings into account, we agree with Rodriguez-Vieitez, as
the correlation strengths do not vary much when increasing or
decreasing the acquisition time by 60–120 s. However, con-
sidering that the influence of specific binding of the tracer to
tau protein aggregations could potentially increase with time
after injection, we would recommend using early time
windows.

In the analysis of the regional distribution of the correlation
strength, comparatively poor results were obtained for the
brainstem and the pons. This is of particular importance as
the pons is commonly used as a reference region for SUVR-
creation in FDG imaging. Based on the data of this study, the
pons should not be used for SUVR-creation of perfusion
imaging.

Since this study focuses on a technical comparison between
imaging modalities, it does not include an analysis of the
individual rater-based diagnostic accuracy of the two tech-
niques. However, the striking concordance of AV-1451 perfu-
sion and FDG metabolic images both natively and in Z-
transformed deviationmaps suggest that early AV151 imaging
is feasible for assessing patterns of regional neuronal injury.
The intra-subject correlation coefficients that were even
higher in the basal ganglia are especialy promising with re-
spect to patients with suspected atypical Parkinsonian
syndromes.

As for AD patients, there seems to be a strong negative
correlation between FDGmetabolism and tau pathology mea-
sured in AV-1451 PET [2, 36], so that the additional informa-
tion on regional extent of pathology gained by imaging the
neuronal dysfunction might be limited in these patients.
However, data from our and other groups suggest that tau-
abnormalities may precede neuronal dysfunction in prodromal
and early stages of the disease, stressing the diagnostic rele-
vance of a combination of both modalities [13, 37]. Moreover,
the binding properties of AV-1451 in other neurodegenerative

diseases are different from those in AD [4, 5], and therefore
drawing conclusions on neuronal dysfunction only from late
acquisition windows of this tau tracer would not be valid in
these cases.

Conclusion

Early acquisition windows of AV-1451 PETseem to be a valid
biomarker for assessing the extent and regional distribution of
neuronal dysfunction in neurodegenerative diseases. Highest
voxel-wise correlations to the gold standard FDG PET are
found in a time window from 60 to 360 s after intravenous
injection of the tracer. By routinely acquiring perfusion im-
ages and consequently sparing the patient an additional FDG
PETscan, radiation exposure and complexity of the diagnostic
workup could be reduced significantly.
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