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Impact of meningeal uptake and partial
volume correction techniques on [18F]
MK-6240 binding in aMCI patients and
healthy controls

Nathalie Mertens1 , Laura Michiels2,3,4 ,
Greet Vanderlinden1, Mathieu Vandenbulcke2,5,
Robin Lemmens2,3,4, Koen Van Laere1,6,* and Michel Koole1,*

Abstract

[18F]MK-6240 is a second-generation tau PET-tracer to quantify neurofibrillary tangles in-vivo. However, individually

variable levels of meningeal uptake induce spill-in-effects into the cortex, complicating [18F]MK-6240 PET quantification.

Group SUVR differences between age-matched HC subgroups with varying extracerebral uptake (EC-low/mixed/high),

and between aMCI and each HC subgroup were assessed without and with partial volume correction (PVC). Both

Müller-Gartner (MG-)PVC and region-based voxelwise (RBV-)PVC, with the latter also correcting for extracerebral spill-

in-effects, were implemented. Between HC groups, where no differences are to be expected, HC EC-high showed

spill-in differences compared to HC EC-low when no PVC was applied while for MG-PVC, differences were reduced

and, for RBV-PVC, no statistically significant differences were observed. Between aMCI and HC, cortical SUVR differ-

ences were statistically significant, both without and with PVC, but modulated by the varying meningeal uptake in HC

subgroups when no PVC was applied. After applying PVC, correlations to clinical parameters improved and effect sizes

between HC and aMCI increased, independent of the HC-subgroup. Therefore, appropriate PVC with correction for

extracerebral spill-in-effects is recommended to minimize the impact of varying meningeal uptake on cortical differences

between HC and aMCI.
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Introduction

The accumulation and regional spread of brain neuro-

fibrillary tangles (NFTs) in Alzheimer’s disease (AD)

progresses through well-characterized pathological dis-

ease stages which are correlated to disease progression

and clinical outcome as evaluated by neuropsycholog-

ical tests (e.g., mini-mental state examination (MMSE)

and Rey’s auditory verbal learning test (RAVLT)).1 In

vivo tau positron emission tomography (PET) imaging

of a variety of promising tau biomarkers has shown

promise for early and differential diagnosis, as well as

(therapy) monitoring of neurodegenerative disease pro-

gression.1–3 First-generation tau tracers showed a
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varying amount of off-target binding in vivo and rela-
tively low signal to noise ratio.4–6 Meanwhile, second-
generation tau PET tracers such as [18F]MK-6240 show
improved tracer characteristics with higher specific
binding to NFTs and no appreciable intracerebral
off-target binding.7 Several landmark studies have
used [18F]MK-6240 to quantify NFTs in patients with
amnestic mild cognitive impairment (aMCI) and AD 8–

13 and have shown its correspondence to pathological
stages.14 Although [18F]MK-6240 displays very low off-
target signal in brain parenchyma,15 varying levels of
meningeal tracer uptake have been noticed, confirmed
by postmortem autoradiography studies.16–18 Even
though the exact nature of the uptake is still under
debate, this varying extracerebral (EC) tracer uptake
causes partial volume effects (PVE) due to spill-over
of this activity to nearby cortical regions which may
hamper accurate quantification and hinder optimal
interpretation of [18F]MK-6240 PET scans.

The aim of this study was to investigate the impact
of meningeal uptake spill-in on the quantification of
[18F]MK-6240 PET and to evaluate partial volume cor-
rection (PVC) techniques to correct for this. We
hypothesized that the inclusion of an extracerebral
compartment would improve modelling of varying
meningeal uptake and therefore reduce the correspond-
ing spill-in effects. We compared a PVC method which
does not take extracerebral uptake into account (vox-
elwise Müller-Gartner (MG) correcting for PVE
between white (WM) and gray matter (GM), assuming
homogeneous WM uptake), with a region-based voxel-
wise (RBV) PVC method which also includes extrac-
erebral compartments (including extracerebral
cerebrospinal fluid (CSF), skull and skin tissue).

As a first objective, we compared the effect of men-
ingeal spill-in in HC groups with low and high menin-
geal uptake without and with PVC, assuming that on
an age-matched group-level, no differences in [18F]
MK-6240 uptake are to be expected. As second objec-
tive, meningeal spill-in effects and the effect of different
PVC approaches on observed group differences
between aMCI and HC was evaluated to relate the
effect to the observed known differences for aMCI
patients. Thirdly, the effect of PVC on correlations to
clinical symptomatology was evaluated.

Material and methods

[18F]MK-6240 PET-MR imaging

For this study, all subjects underwent a simultaneous
[18F]MK-6240 PET-magnetic resonance (MR) scan
(Signa PET-MR, General Electric Healthcare),
acquired 90-120minutes post tracer injection.
Synthesis of tracer was performed as previously

described.19 For the PET scan, HC and aMCI subjects
received a tracer dose of 138� 26MBq and 155�
13MBq respectively.

All PET data were acquired in list mode and
rebinned into 6 frames of 5minutes. Sinograms were
corrected for deadtime, randoms and scatter while a
zero-echo time (ZTE) MR-based attenuation map
was used for the attenuation correction.20 Each frame
was reconstructed using ordered subsets expectation
maximization (OSEM, 28 subsets, 4 iterations) and
included time-of-flight (TOF) information, resolution
modeling and a Gaussian post-smoothing with a full
width half maximum (FWHM) of 4mm.

The multiframe PET data were rescaled to standard-
ized uptake values (SUV) and corrected for motion by
aligning each frame to the first frame using a rigid
transformation. Next, frames were averaged to obtain
a static SUV PET image. For PVE corrected data, the
specific PVC approach was applied to the static SUV
values such that uptake in the reference region was also
corrected for PVE. Finally, SUV PET data were con-
verted to standardized uptake value ratio (SUVR)
images relative to whole cerebellar GM.10,15

Simultaneous with the PET acquisition, a 3D volu-
metric 3 Tesla T1 weighted BRAVO MR sequence was
acquired (Plane: sagittal; TE: 3.2ms; TR: 8.5ms; TI:
450ms; flip angle: 12�; receiver bandwidth: 31.2 kHz;
NEX: 1; voxelsize: 1� 1� 1mm) followed by a 3D T2
weighted FLAIR sequence (Plane: sagittal; TE: 137ms;
TR: 8500ms; TI: 2298ms; receiver bandwidth:
31.25 kHz; NEX: 1; voxelsize: 0.7� 1� 1mm).

In addition, amyloid status of all subjects �50 years
old was confirmed using [11C]Pittsburgh compound B
(PiB) PET, with the [11C]PiB PET scan dichotomously
interpreted as positive or negative based on the visual
reading by a nuclear medicine specialist.1

Subject groups

For the aMCI group, 10 aMCI patients (6M/4F; age
70� 5 years, range 63–79 years; MMSE score range
22–28, 9 out of 10 amyloid-positive) were included.
To define the different HC groups, a k-means cluster-
ing algorithm was used to classify 40 HC into two
groups with low and high extracerebral tracer uptake
respectively (kmeans1d toolbox, Python library).21,22

Classification was done based on the mean standard-
ized uptake value ratio (SUVR) of the skull parcel
(Freesurfer v6.0, Laboratory for Computational
Neuroimaging v6.0, Boston, USA) relative to the
whole cerebellar GM as this parcel included the menin-
ges and was therefore considered indicative for the level
of meningeal uptake. From these two clusters, three
groups of each 10 HC were defined: 10 HC with low
meningeal uptake (HC EC-low), 10 HC with high
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meningeal uptake (HC EC-high), and a mixed group

containing 5 HC from the HC EC-low and HC EC-

high group (HC EC-mixed). To eliminate potential age

effects on [18F]MK-6240 uptake,23 subjects within each

HC group were selected to ensure age-match between

the different HC subgroups, as well as between each

HC subgroups and the aMCI group (see

Supplementary Figure 1). This resulted in the inclusion

of 20 age-matched HC (9M/11F; age 68� 9 years,

range 49–83 years; MMSE score range 28–30, 4 out

of 20 amyloid-positive) with either low or high extrac-

erebral tracer uptake.
Detailed demographics for the aMCI patients can be

found in1 and for the HC.24 The study was conducted

at the University Hospital Leuven, Belgium, approved

by the local Ethics Committee (University Hospitals

Leuven/KU Leuven) and each subject signed a written

informed consent before enrollment. All procedures per-

formed in studies involving human participants were in

accordance with the ethical standards of the institutional

and/or national research committee and with the 1964

Helsinki declaration and its later amendments or com-

parable ethical standards. All subjects signed informed

consent before entering the study.

PVC methods

Two PVC methods were implemented in Python3.8.

For both PVC methods, a 3D isotropic Gaussian

kernel with a FWHM of 6.5mm was used to model

the PET resolution.
First, a voxelwise Müller-Gartner (MG) PVC

method 25 was implemented to estimate true GM

uptake by taking into account GM and WM uptake

while assuming homogeneous tracer uptake in WM.

Subject specific tissue probability maps for GM, WM

and CSF were derived from the T1 weighted MR images

using the CAT12 toolbox (SPM12; Welcome

Department of Cognitive Neurology, London, UK).26,27

Second, a region-based voxelwise (RBV) PVC

method28 was implemented to estimate PVE corrected

PET images by taking into account anatomical parcel-

lation which also includes extracerebral regions such as

extracerebral CSF, skull and head tissue. Parcellation

was obtained with FreeSurfer using both the T1 and T2

weighted FLAIR MR images. The cortical parcellation

was based on the Desikan-Killiany atlas29,30 while sub-

cortical structures were parcellated as described by

Fischl et al..31 For a more robust RBV estimation, cer-

tain parcels were merged into larger regions (n¼ 42; see

Supplementary Table 1).

Statistical analysis

For the VOI-based analysis, 9 composite brain regions
were created from the FreeSurfer parcellation including
the temporal, frontal, occipital, parietal, cingulate and
mesotemporal cortex as well as the caudate nucleus,
putamen and thalamus. Even though no tau load is
expected in subcortical regions, SUVR differences
were also assessed in these regions to validate the
PVC methods. Additionally, a composite GM VOI
containing all GM regions was created. For each
VOI, normality of the SUVR distributions was verified
with a Shapiro-Wilk test (a¼ 0.05). Group SUVR dif-
ferences between HC EC-low and HC EC-high, as well
as between aMCI and the HC groups, were assessed by
a Welch’s t-test or a Mann-Whitney U test while using
a Bonferroni-corrected significance level of a¼ 0.05.
Effect sizes were calculated for each region as mean
aMCI to HC SUVR ratios (aMCI SUVR/HC
SUVR) and were compared using a paired t-test.
A Spearman correlation (rs) was used to evaluate the
relationship between MMSE and SUVR in the meso-
temporal region for the aMCI group. All statistics were
performed using the statistics module of the SciPy soft-
ware (Scientific computing tools for Python) in
Python3.8, both without and with PVC.

A complementary voxel-based analysis was per-
formed using the SUVR maps (SPM12; pheight,
uncorr< 0.001 and pcluster,FWE-corr< 0.05) both without
and with PVC. SUVR images were first masked with
individual GM masks (threshold 0.95) to prevent
smoothing of meningeal uptake into the cortex and
then spatially normalized using CAT12. Images were
smoothed prior to the statistical analysis using an iso-
tropic Gaussian kernel with 8mm FWHM. In addition,
an explicit binary mask, created by averaging the nor-
malized and binarized GM and CSF probability maps
of all HC (threshold 0.40), was used for the statistical
analysis.

Results

HC subgroups

Clustering of HC cohort (n¼ 40) into two groups based
on extracerebral SUVR, resulted in a group with lower
extracerebral SUVR of 1.08� 0.14 (n¼ 22) and a
group with a higher extracerebral SUVR uptake of
1.54� 0.21 (n¼ 18) respectively. The corresponding
threshold for separating the two groups was 1.31.
Representative SUVR images of two HC and two
aMCI patients with low and high meningeal uptake
are presented in Figure 1.

Age-matched HC EC-low and HC EC-high groups
of 10 HC each resulted in a corresponding
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extracerebral SUVR of 1.01� 0.11 and 1.43� 0.10
respectively. In addition, 5 HC were selected from
each group to form an age-matched HC EC-mixed
group, resulting in a group with extracerebral SUVR
of 1.23� 0.28. For HC EC-low and HC EC-high, 2 out
of 10 subjects were amyloid-positive, while only one
subject was amyloid-positive in the HC EC-mixed
group. An overview of all HC subgroups is given in
Table 1.

Group differences between HC subgroups

Mean regional no-PVC and PVC SUVR values of HC
EC-low and HC EC-high are shown in Figure 2 and
Table 2, together with p-values for group
comparisons.

For the cortical no-PVC SUVR data, HC EC-high
showed significant higher SUVR compared to HC EC-
low with significant differences found in the temporal,

Table 1. Demographics and [18F]MK-6240 uptake values of different groups.

Age (years) Gender Amyloid-positive (%) Range MMSE score EC SUVR

HC (n¼ 40) 57� 19 19M/21F 4 (10%) 28–30 1.29� 0.29

HC EC-low (n¼ 22) 60� 19 13M/9F 2 (9%) 28–30 1.08� 0.14

HC EC-high (n¼ 18) 54� 18 6M/12F 2 (11%) 28–30 1.54� 0.21

Age matched (n¼ 10)

aMCI 70� 5 6M/4F 9 (90%) 22–28 1.12� 0.31

HC EC-low 69� 9 6M/4F 2 (20%) 28–30 1.01� 0.11

HC EC-high 68� 9 3M/7F 2 (20%) 28–30 1.43� 0.10

HC EC-mixed 67� 6 5M/5F 1 (10%) 28–30 1.23� 0.28

Values are represented as mean� standard deviation. M: male; F: female; SUVR: standardized uptake value ratio; HC: healthy controls; EC: extrac-

erebral; aMCI: amnestic mild cognitive impairment; MMSE: Mini-Mental State Examination.

Figure 1. [18F]MK-6240 SUVR image overlaid on the corresponding 3D T1 weighted MR image in MNI space of two HC and aMCI
subjects with low and high meningeal tracer uptake respectively. SUVR: standardized uptake value ratio; MR: magnetic resonance;
MNI: Montreal Neurological Institute; HC: healthy controls; aMCI: amnestic mild cognitive impairment; EC: extracerebral; MMSE:
mini-mental state examination.
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frontal, occipital, parietal cortex and the composite

GM region.
After PVC, cortical MG PVC SUVR values were

significantly higher for HC EC-high compared to HC

EC-low in the temporal, frontal and parietal cortex, as

well as in the composite GM region, but not in the

occipital cortex. On the other hand, no significant cor-

tical differences were found for RBV PVC SUVR

between HC EC-low and HC EC-high.
For the subcortical regions, no significant differen-

ces were detected between HC EC-low and HC EC-

high for both no-PVC and PVC SUVR values.
All VOI-based results were confirmed by a voxel-

based comparison between HC EC-low and HC EC-

high using no-PVC and PVC SUVR maps (see

Supplementary Figure 2).

Group differences between aMCI and HC subgroups

Nine out of 10 aMCI patients showed low meningeal

uptake as determined by the dichotomization threshold

(Table 1). Representative SUVR images of a 79-years

and 67-years old male aMCI with low and high men-

ingeal uptake respectively are presented in Figure 1.

Table 2 presents the mean regional SUVR values with-

out and with PVC for the aMCI group and HC, where

the three HC groups with low, mixed and high meningeal

uptake, respectively, were taken as comparator.
For the uncorrected SUVR data, comparison between

aMCI and the different HC groups showed inconsistent

significant regional differences (Table 2). When compar-

ing aMCI with HC EC-high, less regional significant

differences were observed compared to group differences

between aMCI and HC EC-mixed or HC EC-low.
After applying PVC, significant group differences

between the aMCI group and the different HC

groups were found in all cortical regions, with similar

findings for both the MG and RBV PVC method

(Table 2). Overall, regional SUVR in aMCI showed

an increased variance for both PVC methods compared
to the HC subgroups (average regional coefficient of

variation aMCI vs HC EC-low: 34% vs 10%

(p¼ 0.002), 31% vs 13% (p¼ 0.006) and 52% vs 14%

(p¼ 0.002) for no-PVC, MG PVC and RBV PVC

respectively).
For the subcortical regions, no significant

differences were detected between aMCI and the

different HC groups, both for no-PVC and PVC

SUVR data.

Figure 2. Mean regional [18F]MK-6240 SUVR values of 10 HC with low (green) and high (red) extracerebral tracer uptake
respectively. Filled bars indicate SUVR values without PVC; empty bars indicate SUVR values with MG PVC; pattern bars indicate
SUVR values with RBV PVC taking into account extracerebral tracer uptake. Significant differences are presented by *(p< 0.05);
**(p< 0.01). SUVR: standardized uptake value ratio; HC: healthy controls; EC: extracerebral; MG: Müller-Gartner; PVC: partial
volume correction; RBV: region-based voxelwise.
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These results were confirmed by a voxel-based com-

parison between aMCI and the HC subgroups, show-

ing inconsistent group differences in uncorrected

SUVR maps. In contrast, after applying PVC, more

consistent group differences between aMCI and the dif-

ferent HC groups were detected (Figure 3).

Regional effect sizes between aMCI and HC

subgroups

Regional effect sizes between aMCI and different HC

groups are given in Table 3. Overall, effect sizes

between aMCI and HC groups increased after PVC

compared to no-PVC SUVR data (1.27� 0.21 vs

1.49� 0.31, a 17% increase, p¼ 3.9� 10�11 and

1.27� 0.21 vs 1.79� 0.55, a 41% increase,

p¼ 5.4� 10�9 for no-PVC compared with MG and

RBV PVC respectively). Between PVC methods, RBV

PVC also showed higher effect sizes compared to MG

PVC (p¼ 7.3� 10�7).

Correlation between medial temporal tau load and

MMSE in aMCI

PVC SUVR data showed a highly significant and

strong correlation, which was similar for both PVC

Table 2. Regional [18F]MK-6240 SUVR values (mean� standard deviation) of 10 aMCI patients and three groups of 10 HC with low,
mixed and high extracerebral tracer uptake respectively. SUVR values are presented without PVC (no-PVC); with MG PVC, and with
RBV PVC taking into account extracerebral tracer uptake.

SUVR p-value

aMCI

HC

EC-low

HC

EC-mixed

HC

EC-high

HC EC-low

versus

HC EC-high

aMCI versus

HC EC-low

aMCI versus

HC EC-mixed

aMCI versus

HC EC-high

no-PVC

Temporal cortex 1.42� 0.72 0.94� 0.07 0.98� 0.07 1.03� 0.06 0.0021 0.0015 0.0089 0.063

Frontal cortex 1.16� 0.47 0.84� 0.06 0.89� 0.07 0.92� 0.06 0.019 0.0052 0.015 0.023

Occipital cortex 1.28� 0.38 1.01� 0.08 1.02� 0.07 1.08� 0.07 0.016 0.075 0.063 0.74

Parietal cortex 1.26� 0.63 0.88� 0.07 0.92� 0.06 0.97� 0.06 0.011 0.043 0.25 0.97

Cingulate cortex 1.01� 0.46 0.75� 0.06 0.76� 0.07 0.77� 0.07 0.54 0.0029 0.0068 0.023

Mesotemporal cortex 1.34� 0.49 0.78� 0.08 0.79� 0.10 0.87� 0.27 0.48 0.0052 0.0060 0.0089

Caudate nucleus 0.55� 0.11 0.57� 0.08 0.57� 0.08 0.56� 0.13 0.68 0.65 0.69 0.85

Putamen 0.73� 0.10 0.71� 0.13 0.71� 0.14 0.74� 0.19 0.54 0.70 0.75 0.74

Thalamus 0.62� 0.08 0.60� 0.07 0.59� 0.08 0.59� 0.13 0.53 0.73 0.52 0.35

Gray matter 1.20� 0.48 0.87� 0.06 0.90� 0.06 0.94� 0.06 0.019 0.0015 0.0039 0.035

MG PVC

Temporal cortex 1.91� 0.90 1.05� 0.09 1.10� 0.11 1.17� 0.09 0.0018 7.631025 0.00073 0.0068

Frontal cortex 1.56� 0.71 1.07� 0.10 1.14� 0.09 1.18� 0.08 0.013 0.00073 0.0052 0.019

Occipital cortex 1.88� 0.57 1.20� 0.12 1.20� 0.11 1.29� 0.10 0.097 0.0044 0.0047 0.0099

Parietal cortex 1.99� 0.82 1.12� 0.11 1.18� 0.09 1.26� 0.08 0.0058 0.00032 0.0015 0.015

Cingulate cortex 1.25� 0.12 0.80� 0.09 0.79� 0.11 0.82� 0.11 0.77 4.331025 7.63 1025 7.63 1025

Mesotemporal cortex 1.61� 0.63 0.73� 0.10 0.72� 0.10 0.83� 0.31 0.48 0.0016 0.0015 0.0011

Caudate nucleus 0.64� 0.12 0.56� 0.10 0.55� 0.10 0.56� 0.16 0.74 0.11 0.086 0.12

Putamen 0.64� 0.13 0.54� 0.12 0.54� 0.13 0.57� 0.17 0.44 0.069 0.084 0.41

Thalamus 0.56� 0.10 0.52� 0.07 0.51� 0.08 0.52� 0.13 0.97 0.36 0.23 0.58

Gray matter 1.67� 0.66 1.03� 0.09 1.08� 0.08 1.14� 0.07 0.0045 0.00013 0.00049 0.0068

RBV PVC

Temporal cortex 2.18� 1.51 0.99� 0.10 1.04� 0.08 1.06� 0.06 0.080 0.0011 0.0015 0.0021

Frontal cortex 1.32� 1.06 0.80� 0.08 0.82� 0.09 0.76� 0.12 0.63 0.0089 0.015 0.0039

Occipital cortex 2.00� 0.76 1.21� 0.14 1.18� 0.09 1.27� 0.12 0.29 0.0079 0.0068 0.012

Parietal cortex 1.96� 1.27 0.87� 0.10 0.89� 0.10 0.91� 0.13 0.46 0.00032 0.00049 0.0029

Cingulate cortex 1.15� 0.96 0.61� 0.08 0.54� 0.15 0.51� 0.14 0.12 0.019 0.0068 0.0029

Mesotemporal cortex 2.14� 1.14 0.71� 0.11 0.71� 0.14 0.83� 0.48 0.80 0.0031 0.0031 0.0029

Caudate nucleus 0.67� 0.19 0.61� 0.12 0.61� 0.13 0.59� 0.19 0.63 0.32 0.32 0.22

Putamen 0.90� 0.17 0.70� 0.16 0.73� 0.17 0.78� 0.21 0.35 0.79 0.97 0.57

Thalamus 0.62� 0.12 0.57� 0.08 0.55� 0.09 0.57� 0.13 0.53 0.26 0.14 0.25

Gray matter 1.66� 0.99 0.87� 0.07 0.88� 0.06 0.89� 0.06 0.62 0.0011 0.0015 0.0021

P-values from VOI-based group comparisons are also reported, with significant p-values in bold. SUVR: standardized uptake value ratio, aMCI: amnestic

mild cognitive impairment; HC: healthy controls; EC: extracerebral; MG: Müller-Gartner; PVC: partial volume correction; RBV: region-based voxelwise.
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Figure 3. T-statistical maps of significant clusters rendered on the cortical surface for in the voxel-based comparison between [18F]
MK-6240 SUVR maps of aMCI patients with HC with low, mixed and high extracerebral tracer uptake respectively using uncorrected
SUVR maps (upper), PVC corrected SUVR maps using a MG PVC method which does not correct for PVE of extracerebral tracer
uptake (middle) and PVC corrected SUVR maps using an RBV PVC method which also corrects for PVE of extracerebral tracer uptake
(lower). SUVR: standardized uptake value ratio, aMCI: amnestic mild cognitive impairment, HC: healthy controls; EC: extracerebral;
MG: Müller-Gartner; PVC: partial volume correction; RBV: region-based voxelwise.

Table 3. Regional effect sizes for 10 aMCI patients and 10 HC with respectively low (HC EC-low), mixed (HC EC-mixed) and high
(HC EC-high) extracerebral [18F]MK-6240 uptake.

Effect size

aMCI vs HC EC-low aMCI vs HC EC-mixed aMCI vs HC EC-high

no-PVC MG PVC RBV PVC no-PVC MG PVC RBV PVC no-PVC MG PVC RBV PVC

Temporal cortex 1.52 1.82 2.20 1.45 1.73 2.10 1.39 1.63 2.06

Frontal cortex 1.38 1.46 1.65 1.30 1.37 1.62 1.27 1.32 1.74

Occipital cortex 1.27 1.57 1.66 1.26 1.56 1.69 1.18 1.46 1.58

Parietal cortex 1.43 1.77 2.24 1.37 1.69 2.21 1.30 1.58 2.14

Cingulate cortex 1.34 1.55 1.89 1.33 1.57 2.12 1.31 1.53 2.26

Mesotemporal cortex 1.73 2.20 3.02 1.70 2.22 3.01 1.55 1.93 2.57

Caudate nucleus 0.96 1.15 1.10 0.97 1.16 1.11 0.98 1.15 1.14

Putamen 1.03 1.20 1.28 1.02 1.19 1.23 0.99 1.13 1.15

Thalamus 1.02 1.07 1.10 1.04 1.10 1.13 1.04 1.07 1.10

Gray matter 1.39 1.62 1.90 1.34 1.55 1.87 1.28 1.47 1.87

Effect sizes were calculated by using SUVR data without PVC (no-PVC); with MG PVC, and with RBV PVC taking into account spill-in of extracerebral

tracer uptake. aMCI: amnestic mild cognitive impairment, HC: healthy controls; EC: extracerebral; SUVR: standardized uptake value ratio; PVC: partial

volume correction; MG: Müller-Gartner; RBV: region-based voxelwise.
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methods (rp,MG PVC¼�0.82, p¼ 0.004 and rp,RBV

PVC¼�0.81, p¼ 0.005). For no-PVC SUVR data, the
correlation was slightly weaker, but it remained signif-
icant (rp,no-PVC¼�0.72, p¼ 0.02) (see Supplementary
Figure 3).

Discussion

In this study, we evaluated the impact of meningeal
uptake on differences in cortical [18F]MK-6240
SUVR between HC and patients with aMCI. This
off-target extracerebral tracer uptake has been reported
by different groups, but thus far, no thorough evalua-
tion of these spill-over effects, or of methods to reduce
its impact have been described.

Our results clearly showed a significant impact of
varying meningeal uptake on cortical [18F]MK-6240
SUVR data as significant differences were found in
cortical brain areas between age-matched HC with
low and high extracerebral tracer uptake. Also, group
differences between aMCI patients and HC were
dependent on the varying level of meningeal uptake
in the HC group. As expected, consistently higher
levels of extracerebral tracer uptake in the HC group
resulted in a positive bias of the cortical [18F]MK-6240
SUVR of HC such that less cortical regions were found
to be significantly different compared to an age-
matched aMCI group, decreasing sensitivity to detect
group differences. Additionally, we demonstrated that
the impact of varying meningeal uptake in HC was
only observed for cortical regions and not for the sub-
cortical regions as these are not influenced by PVE of
meningeal uptake. We also considered a mixed HC
group as a HC group with only low or only high men-
ingeal uptake is not to be expected when HC are ran-
domly selected. Since almost 50% of all HC
demonstrated high meningeal uptake, we defined a
mixed group with 50% of the HC having high menin-
geal uptake and the other half demonstrating low men-
ingeal uptake. This HC EC-mixed group was also used
in the study by Vanhaute et al.1 where aMCI was com-
pared with HC in the context of a multi-tracer PET
study. By including HC with varying meningeal
uptake, we assumed that extracerebral SUVR would
have less impact on cortical group differences between
HC and aMCI because of increased variability.
However, this increased variability in extracerebral
uptake also induces an increased variability in cortical
uptake, such tat group differences between this mixed
HC group and aMCI could still be improved by apply-
ing PVC.

After applying a PVC method which includes a cor-
rection for extracerebral spill-in effects, significant dif-
ferences between two cohorts of age-matched HC with
varying level of meningeal uptake were no longer

observed. In addition, group differences between
aMCI and HC groups with different levels of meninge-
al uptake were found to be more robust, indicating
independence of the composition of the HC group
regarding levels of meningeal uptake.

These findings are in line with previous first-
generation tau PET studies, which already showed
the potential of PVC to minimize PVE caused by off-
target tracer uptake. Indeed, PVE in subcortical
regions of monoamine oxidases (MAO) off-target
[18F]flortaucipir uptake were reduced after PVC.32,33

In terms of PVC, no significant differences were
found between two cohorts of HC with low and high
meningeal uptake using RBV PVC, while the MG PVC
method did not eliminate group differences. This can
be explained by the MG PVC method correcting only
for activity concentrations in proportion to tissue type
while RBV PVC applies a region-based voxelwise cor-
rection. Meanwhile, group differences between aMCI
patients and HC with varying meningeal uptake, were
less dependent on the PVC method as both the MG
and RBV PVC showed similar VOI- and voxel-based
differences. For the HC, cortical SUVR are mainly
driven by meningeal spill-in as only non-specific [18F]
MK-6240 uptake is expected in the cortex for these
subjects. In contrast, for the aMCI group where spe-
cific, pathological cortical [18F]MK-6240 uptake is pre-
sent, PVE was also driven by spill-in and spill-over
effects between WM and GM tissue.

In our data set, low meningeal uptake was observed
in the aMCI group as 9 out of 10 aMCI patients had as
skull SUVR below the HC-based dichotomization
threshold, minimizing the impact of varying meningeal
uptake in this group. This may be a statistical anomaly
on the relatively small aMCI group, therefore the RBV
PVC method which also corrects for extracerebral
tracer uptake and thus takes into account PVE of men-
ingeal uptake, is considered to be the preferred method
for [18F]MK-6240 SUVR quantification, especially
when HC with consistently high meningeal uptake or
pathological cases with limited specific, cortical [18F]
MK-6240 uptake are included for group comparison.

Even though PVC increased the variance of cortical
SUVR, mainly in the aMCI group with 20 to 40%
increases in coefficient of variation, both PVC
approaches resulted in higher regional effect sizes
with RBV PVC achieving the highest effect size, with
an increase of 41%. These findings also indicated that
RBV PVC is the preferred PVC approach for [18F]MK-
6240 SUVR quantification in the context of group sep-
aration, as it allows for a higher discriminative
accuracy for differentiation between aMCI and HC
and a stronger correlation of [18F]MK-6240 SUVR
with clinical scores. This improved effect size needs to
be outweighed towards an increase in variability that is
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of the same range in the context of detection of disease
progression or drug monitoring studies. The current
approach should thus also be investigated in
a longitudinal data set to evaluate the variability of
meningeal [18F]MK-6240 uptake within subjects on
the one hand, and to assess the optimal balance
between quantitative accuracy, improved effect size
and increased variance due to the PVE correction
method on the other hand.

In addition, we investigated the impact of PVC on
the correlation of mesotemporal SUVR with a global
cognitive MMSE score in the aMCI cohort, since tau
uptake in the mesotemporal cortex is known to be
related to this parameter.1 Both PVC methods resulted
in a stronger, highly significant correlation between
mesotemporal SUVR and MMSE scores compared to
no-PVC SUVR data, with RBV PVC demonstrating
the most significant and strong correlation. This indi-
cates that, despite the increased variance, the correla-
tion strength improves and thus supports a PVC
approach that may obtain most sensitive results for
cognitive score versus tau binding correlations.

To obtain robust PVC results, optimal processing
parameters such as the FWHM and an accurate seg-
mentation and parcellation should be selected in the
PVC algorithm.34 It has been shown that incorrect
specification of the FWHM results into systematic
over- or underestimation of PVC SUVR data.35 In
this study, we used a FWHM of 6.5mm to mimic the
PET resolution of our scanner. Oyama et al. observed
slightly different influences of FWHM mismatch on
SUVR estimates in HC and AD groups.34 Therefore,
we also explored smaller FWHM down to 5mm to
assess group differences between HC groups. In our
cohorts of HC, these analyses could not completely
eliminate spill-in effects as differences were still observed
in SUVR RBV data between two cohort of HC.

We examined alternative methods of parcellating
regions by using a pseudo T1 approach 36,37 to deter-
mine the skull segment which contains the meningeal
structure. Combination of the FreeSurfer parcellation
with this pseudo T1 approach resulted in similar
results, eliminating any potential bias introduced by
the parcellation in our results.

Additionally, as meningeal uptake visually appeared
to be heterogeneous within controls, an extended RBV
PVC method was explored which also performed
a parcellation of the skull to account for varying
tracer uptake in the extracerebral compartment
(Supplementary Materials and Methods). Results
from this extended RBV PVC method were very similar
to the RBV method (see Supplementary Table 2–3 and
Supplementary Figure 4) and therefore, one can
assume the extracerebral tracer uptake to be homoge-
neous for [18F]MK-6240 PVC quantification. As to the

exact origin of the off-target uptake and its impact

on the current study, recently Gogola et al.15

reported some off-target [18F]MK-6240 uptake in cal-

cified/ossified extracerebral tissue. A possible contribu-

tion of spill-in effects of the skull could therefore be

present, but this is however covered in our method as

we selected a full skull compartment to model off-

target extracerebral [18F]MK-6240 uptake that also

encompassed this potential origin.
Limitations of the present study include the rather

small sample size of our patient population. Another

limitation is the need of a high-resolution brain MR

image for PVC in the PET image. However, we

assume that a clinical brain MR image is often present

for patients with neurodegenerative diseases.

Furthermore, our approach depends on the accurate

segmentation of this MR image, which could be more

problematic in later stages of the disease and should be

carefully investigated in these populations.
In conclusion, this study demonstrated that subject-

dependent meningeal uptake can have significant impact

on cortical differences in [18F]MK-6240 SUVR between

HC and aMCI and on the strength of clinical-biomarker

correlations. To minimize PVE, we introduced a PVC

algorithm that includes a correction for extracerebral

spill-in effects which homogenizes control groups and

produces a higher effect size to compare aMCI patients

with HC, independent of off-target meningeal [18F]MK-

6240 uptake especially in the control group.
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