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ARTICLE INFO ABSTRACT

Keywords: Background: ['®F]Flortaucipir (FTP) PET quantification is usually hindered by spill-in counts from off-target
Tau PET binding (OFF) regions. The present work aims to provide an in-depth analysis of the impact of OFF in FTP PET
Monte Carlo quantification, as well as to identify optimal partial volume correction (PVC) strategies to minimize this problem.
l())\f]f]::target binding Methods: 309 amyloid-beta (Ap) negative cognitively normal subjects were included in the study. Additionally,
SUVR 510 realistic FTP images with different levels of OFF were generated using Monte Carlo simulation (MC). Images

were corrected for PVC using both a simple two-compartment and a multi-region method including OFF regions.
FTP standardized uptake value ratio (SUVR) was quantified in Braak Areas (BA), the hippocampus (which was not
included in Braak I/1I) and different OFF regions (caudate, putamen, pallidum, thalamus, choroid plexus (ChPlex),
cerebellar white matter (cerebWM), hemispheric white matter (hemisWM) and cerebrospinal fluid (CSF)) using
the lower portion of the cerebellum as a reference region. The correlations between OFF and cortical SUVRs were
studied both in real and in simulated PET images, with and without PVC.

Results: In-vivo, we found correlations between all OFF and target regions, especially strong for the hemisWM
(slope>0.63, R2>0.4). All the correlations were attenuated but remained significant after applying PVC, except
for the ChPlex. In MC simulations, the hemisWM and CSF were the main contributors to PVE in all BA (slopes
0.15-0.26 and 0.13-0.21 respectively). The hemisWM (slope=0.2), as well as the ChPlex (slope=0.02), influenced
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Healthy Controls; SUVR, Standardized Uptake Value Ratio; BA, Braak Areas; ROI, Region of Interest; PVE, Partial Volume Effect; OFF, Off-target binding; HC,, , Af-
negative healthy controls; PVC, Partial Volume Correction; ADNI, Alzheimer’s Disease Neuroimaging Initiative; HABS, Harvard Aging Brain Study; MC, Monte Carlo;
MRI, Magnetic Resonance Imaging; MCI, Mild Cognitive Impairment; SPM, Statistical Parametric Mapping; RBV, Region-Based Voxel-wise; GTM, Geometric Transfer
Matrix; WM, White matter; GM, Grey matter; ChPlex, Choroid Plexus; hemisWM, hemispheric White Matter; cerebWM, cerebellar White Matter; CSF, Cerebrospinal
fluid; SimSET, Simulation System for Emission Tomography; OS-EM, Ordered Subsets Expectation Maximization algorithm; STIR, Software for Tomographic Image
Reconstruction; MNI, Montreal Neurological Institute.
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SUVRs in the hippocampus. The CerebWM was negatively correlated with all target regions (slope<-0.02, R>>0.8).
While no other correlations between OFF and target regions were found, hemisWM was correlated with all OFF
regions but the cerebWM (slopes 0.06-0.33). HemisWM correlations attenuated (slopes<0.06) when applying
two-compartment PVC, but the hippocampus-ChPlex and the cerebWM correlations required more complex PVC
with dedicated compartments for these regions. In-vivo, PVC removed a notably higher fraction of the correlation
between OFF regions found to be affected by PVE in the simulation studies and BA (~50%) than for OFF regions

not affected by PVE (16%).

Conclusion: HemisWM is the main driver of spill-in effects in FTP PET, affecting both target regions and the rest
of OFF regions. PVC successfully reduces PVE, even when using a simple two-compartment method. Despite PVC,
non-zero correlations were still observed between target and OFF regions in vivo, which suggests the existence
of biological or tracer-related contributions to these correlations.

1. Background

In recent years, Positron Emission Tomography (PET) has become
a reference tool for the diagnosis and monitoring of Alzheimer’s dis-
ease (AD), mainly due to the emergence of radiotracers targeting ex-
tracellular amyloid-beta (Af) plaques and intraneuronal tau neurofib-
rillary tangles (NFTs) (Scholl et al., 2016; Schultz et al., 2018). Specifi-
cally, ['8F]Flortaucipir (FTP, also referred to as [18F]T807 or ['8F]AV-
1451) has been adopted for detecting pathological tau accumulation
in AD patients (Chien et al., 2013; Leuzy et al., 2019) due to its high
affinity for 3R/4R tau isoforms characteristic of AD (Xia et al., 2013).
FTP has shown high sensitivity and specificity in discriminating AD pa-
tients from healthy controls (HC) and in monitoring disease progres-
sion (Johnson et al., 2016; Maass et al., 2017; Ossenkoppele et al.,
2018; Scholl et al., 2016; Schrouff et al., 2013; Schwarz et al., 2016;
Wang et al., 2016). Furthermore, FTP PET staging schemes were found
to match those previously established in post-mortem studies (Braak and
Braak, 1991; Chen et al., 2021; Schwarz et al., 2018). PET staging
methods are typically based on the quantification of standardized up-
take value ratios (SUVR) in Braak Areas (BA ROIs) (Chen et al., 2021)
and have been proven successful for in-vivo staging of AD patients
(Scholl et al., 2016).

Nevertheless, FTP PET quantification still poses challenges related
to PET imaging noise and limited resolution, which cause variability
and partial volume effects (PVE), respectively. Due to the limited reso-
lution of PET scanners (typically in the range of 3-6 mm), the detected
counts are commonly spread across adjacent regions (Aston et al., 2002).
These exchanges of counts caused by PVE are also referred to as spill-
out (or -in) effects (Lu et al., 2021). Despite FTP having shown high
specificity for AD tau pathology, several brain areas have also been re-
ported to exhibit unspecific off-target binding (OFF), such as the white
matter, basal ganglia, choroid plexus or blood vessels, among others
(Chandra et al., 2019; Lowe et al., 2016). Due to PVE, counts from
these OFF regions can spread into cortical ROIs and alter SUVR mea-
surements (Hoffman et al., 1979). These effects become more severe as
AD progresses due to cortical atrophy (Gonzalez-Escamilla et al., 2017).
In a previous work (Baker et al., 2019), the authors investigated the re-
lationship between OFF and cortical binding in 90 Ap-negative healthy
controls (HCAﬂ_), reporting that cortical SUVR measurements are heav-
ily influenced by OFF. Furthermore, the authors applied a novel PVE
correction (PVC) technique to correct for PVE of the most relevant OFF
regions in FTP and reported that PVC cannot remove all the OFF-BA
signal correlation. These remaining correlations may be explained by
several factors such as the presence of biological or tracer-related corre-
lations between uptake in different OFF regions and disease progression
(Moscoso et al., 2021), or by technical factors such as PVC not being
able to correct for all PVE. Nevertheless, discerning between technical
and biological contributions to this correlation is inherently challeng-
ing, and further investigation on the effects of OFF may play a vital role
in determining the clinical utility of FTP (Roy et al., 2021).

In the present work we perform a systematic study of the con-
tribution of spill-in counts from OFF regions to FTP PET SUVR

quantification, isolating technical from biological or tracer-related ef-
fects. To achieve this, we analysed FTP PET data from a large sample
of 309 HC,,. subjects from the Alzheimer’s Disease Neuroimaging Ini-
tiative (ADNIL, adni.loni.usc.edu) and the Harvard Aging Brain Study
(HABS, habs.mgh.harvard.edu) together with a large set of synthetic
images generated using a well-controlled Monte Carlo (MC) simulation
framework (Paredes-Pacheco et al., 2021). This strategy allowed for the
generation of realistic FTP PET images derived from real patient data
that included different levels of spill-in counts from OFF regions, pro-
viding an estimation of the magnitude of purely technical contributions
to PVE.

2. Methods
2.1. Subject data

Data used in the preparation of this article were obtained from the
ADNI and HABS databases. The ADNI was launched in 2003 as a public-
private partnership, led by Principal Investigator Michael W. Weiner,
MD. The primary goal of ADNI has been to test whether serial magnetic
resonance imaging (MRI), PET, other biological markers, and clinical
and neuropsychological assessment can be combined to measure the
progression of mild cognitive impairment (MCI) and early AD. HABS
was started in 2010, funded by the National Institute of Aging and led
by Principal Investigators Reisa A. Sperling, MD and Keith A. Johnson,
MD.

Our cohort includes 309 HC,,. subjects from ADNI and HABS who
underwent structural MRI, Ag PET and FTP PET scans, with A negativ-
ity defined as centiloid 12 or lower (Klunk et al., 2015). Demographic
characteristics of the joint cohort are detailed in Supplementary Table
1. In addition, a subset of ten randomly selected ADNI subjects acquired
with the GE Discovery ST (6 males and 4 females; mean age: 78.98 +
6.42 yrs. range: 71.5-89.4 yrs) was used as input for the MC simulation
framework following the methodology described below (detailed infor-
mation about these subjects is provided in Supplementary Table 2).

2.2. Image Acquisition

ADNI FTP PET images were acquired using dynamic 3D acquisi-
tions of six 5-min frames starting 75 minutes after the injection of
370 MBq = 10% of FTP. Every image was reviewed for protocol
compliance by the ADNI PET Quality Control team. For this work,
we used images in pre-processing levels two and four as described
by ADNI (http://adni.loni.usc.edu/methods/pet-analysis-method/pet-
analysis/), which corresponds to co-registered and averaged images
(level two), further reoriented to a standard image matrix and smoothed
to 8 mm isotropic resolution (level four). Level four is used throughout
this study unless stated otherwise.
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HABS FTP PET images were acquired using dynamic 3D acquisitions
after the injection of 370 MBq + 10% of FTP. Acquisition varies between
four 5-min frames starting at 80 min post-injection and six 5-min frames
starting at 75 min post-injection. Static PET images were then obtained
by realigning and averaging the acquired frames and reslicing the im-
ages to the ADNI standard voxel size of 1.5 mm. Afterwards, an isotropic
Gaussian filter of FWHM 5 mm was applied to harmonize the images to
the ADNI standard resolution of 8 mm.

T1 structural scans from ADNI and HABS were acquired on 3T scan-
ners using an accelerated sagittal MPRAGE sequence with a spatial reso-
lution of 1 cubic millimeter (mm?3). Each series in each exam underwent
quality control following the steps described in detail in ADNI’s MRI pro-
tocol (http://adni.loni.usc.edu/methods/mri-tool/mri-analysis/).

2.3. Image processing

FTP PET images were co-registered to the corresponding MRI us-
ing the standard multi-modal volume registration (Wells et al., 1996)
and processed using the code shared by Baker et al. (Baker et al.,
2017). This code takes as inputs the co-registered tau PET and MRI im-
ages, and the segmentations from both FreeSurfer (FreeSurfer version
6, http://surfer.nmr.mgh.harvard.edu/) and SPM (Statistical Paramet-
ric Mapping version 12, http://www.fil.ion.ucl.ac.uk/spm/). The output
of the code is a subject-specific atlas including cortical and OFF ROIs
relevant for FTP PET quantification. Following the recommendations
from the authors, we used ROI configuration number 8 in the method
publication for generating the subject atlases (Baker et al., 2017). The
results of the SPM segmentation were also used to transform the SUIT
cerebellar template (Diedrichsen et al., 2009) to each subject’s space to
obtain the inferior cerebellum grey matter ROI to be used as a refer-
ence region for SUVR quantification. Then, FTP PET images were cor-
rected for PVE using the open-source PETPVC toolbox (Thomas et al.,
2016) with the region-based voxel-wise correction (RBV) method, an
extension of the popular Rousset Geometric Transfer Matrix method
(GTM) (Rousset et al., 1998) and the voxel-wise correction by Yang et al.
(Yang et al., 1996). For smoothed data, a point spread function (PSF)
of 8 mm x 8 mm x 8 mm was used for PVC, while the PSF values as
measured by the NEMA-NU 2-2012 standards (Nema, 2012) were used
for unsmoothed data. Two different atlases were used for PVC. First, the
subject-specific atlas generated with Baker’s code (Baker et al., 2017);
second, a simplified atlas including ROIs only for the subject’s white
matter (WM) and grey matter (GM). This later atlas was obtained by
combining the GM and WM regions from the Baker’s atlas.

Freesurfer segmentation ROIs from the Desikan atlas were combined
to generate Braak I/1II, Braak III/IV, and Braak V/VI areas (Biel et al.,
2021). The hippocampus was not included in Braak I/1II, following rec-
ommendations from previous studies (Maass et al., 2017), but it was
included as a separate ROI as it might be of interest for the interpre-
tation of other studies. Detailed information on the ROIs included on
each BA can be found in Supplementary Table 3. The caudate, putamen,
pallidum, thalamus, choroid plexus (ChPlex), hemispheric white matter
(hemisWM), cerebellar white matter (cerebWM) and cerebrospinal fluid
(CSF) were included as OFF regions (Baker et al., 2019). Fig. 1 shows
BA, hippocampus, and OFF regions for one of the subjects.

2.4. In-vivo FTP PET quantification

Regional SUVRs were calculated for the target ROIs (BA and hip-
pocampus) and for the OFF regions from both non-PVC and PVC images.
Analyses are detailed in the Statistical Analysis section. Additionally, the
average uptake and variability of each of the OFF ROIs was charac-
terized as the (mean + 2 SDs) interval and was used for configuring
OFF ROI values in the activity maps for the simulation experiments (see
Monte Carlo simulation section).
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2.5. Monte Carlo simulation

2.5.1. Generation of the activity and attenuation maps

From the previously described cohort of HC,,. subjects, 10 subjects
acquired using a GE Discovery ST scanner (ADNI IDs 4100, 4292, 4376,
6333, 6575, 6580, 0734, 4179, 6298, 6352) were used to generate re-
alistic subject-specific activity and attenuation maps. The map genera-
tion process is explained in detail elsewhere (Marti-Fuster et al., 2014;
Paredes-Pacheco et al., 2021). In brief, the subject-specific atlas and the
co-registered PET image (level 2 of ADNI processing) were used to cre-
ate preliminary activity and attenuation maps, which are then simulated
and reconstructed using the validated MC model of the GE Discovery ST
incorporated in the SimPET platform (Paredes-Pacheco et al., 2021). Af-
ter the reconstruction, the activity map is updated based on a voxel-wise
comparison between the simulated and acquired images. In an iterative-
reconstruction fashion, the process is repeated until the correlation co-
efficient between the simulated and the subject PET images is >0.99.
Fig. 2 shows a schematic representation of the process.

Once each subject’s activity map was generated, the maps were mod-
ified to generate different uptake levels in the 8 OFF ROIs listed above.
First, OFF binding was minimized by fixing a SUVR of 0.5 (this condi-
tion was considered as no-OFF binding). Then, 5 different SUVR values
were generated within the (mean + 2 SDs) range for each OFF ROL. This
range of SUVR values for the different OFF ROIs was measured from
our patient cohort after applying Baker’s RBV. Supplementary Table 4
details the five simulated SUVR values for each of the OFF ROIs. In addi-
tion to varying the values of each OFF ROI individually, several groups
of ROIs that were found to vary together on our in-vivo analysis were
also considered and simulated co-varying together. Namely, these clus-
ters were: i) caudate, putamen and pallidum and ii) thalamus, hemisWM
and cerebWM. This resulted in a total of 510 FTP simulated images with
their corresponding ground-truths (activity maps).

2.5.2. MC simulation and tomographic reconstruction

The MC model of the GE Discovery ST scanner included on the Sim-
PET platform was used for the simulation of the 510 generated activity
maps together with their corresponding attenuation maps. The simula-
tion was performed with SIimSET v2.9.2 (Simulation system for emission
tomography) (Haynor et al., 1991), with times fixed to replicate the 30
min total acquisition times in the subject PET studies.

The tomographic reconstruction was performed using the ordered
subsets expectation maximization algorithm (OS-EM) (Hudson and
Larkin, 1994) as implemented in STIR 4.1.1 (Software for tomographic
image reconstruction) (Thielemans et al., 2012) including 7 subsets
and 5 iterations. Neither post-filtering nor inter-iteration filtering was
applied. The matrix and voxel size of the reconstructed images were
128 x 128 x 47 and 1.95 mm x 1.95 mm x 3.27 mm, respectively.

2.6. Simulated FTP PET quantification

All the simulated images were quantified following the quantifica-
tion pipelines used for real subjects, including the application of the
different PVCs. Regional SUVR values were obtained for the target (BA
and hippocampus) and for the OFF regions. To replicate the analysis
performed in the in-vivo cohort, complementary analysis was performed
after smoothing the images from the MC model (resolution of 4.9 mm
(x), 4.8 mm (y) and 7.9 mm (z)) to an isotropic resolution of 8 mm.

2.7. Statistical analysis

Correlation analysis was performed using linear regression models of
the form A= g, + f; B (where A (target ROI SUVR) and B (OFF ROI SUVR)
are the pair of studied variables, and g, f; are the intercept and slope
of the regression, respectively). When several regions were co-varied to-
gether, the regression took the form of A= g, + f; B; + f3 By + ... + B;
B; where #;, f,,..., p; are the coefficients (slopes) for each OFF region.
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Fig. 1. Braak Areas (BA), hippocampus and Off-target binding (OFF) regions of interest (ROIs) for one of the study participants.

Correlation effects were studied by using both using coefficient of deter-
mination (R2) and the fs (slopes). In a regression model, R? determines
the proportion of variance in the dependent variable (i.e., target SUVR)
that can be explained by the independent variable (i.e., OFF ROI SUVR)
and it is defined as 1-SS,4/SS; SSres is the sum of squares of residuals
(how well the regression model represents the data) and SS,,, is the total
sum of squares (the whole variance in the data). Results were consid-
ered significant when the p-value for the f; parameter was lower than
0.05.

We present analyses of the correlations between SUVRs on the target
(BA and hippocampus) and OFF regions for both non-PVC and PVC im-
ages, both in vivo and simulated images. Additionally, pair-wise corre-
lations between in vivo OFF regions, as well as correlations of each OFF
ROI and age (Barret et al., 2017) were studied. Similarly, PVE-related

correlations between individual pairs of OFF ROIs were investigated on
the simulated images.

3. Results
3.1. Comparison between no-OFF and PVC on simulated images

Fig. 3 (left) shows examples of the simulated activity maps.
Fig. 3 (right) shows a visual comparison between real, simulated and no-
OFF simulated images for non-PVC, Baker’s RBV and GM/WM (from top
to bottom). Fig. 4 shows the comparison between SUVR measurements
of these groups, including also the simulated SUVR (activity map) as a
reference. The average differences across all ROIs in SUVR between real
and simulated images were of 0.94% (non-PVC, p>0.5), 2.23% (Baker’s
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Fig. 2. Schematic representation of the activity and attenuation map’s generation. Stepl: Generation of preliminary activity and attenuation maps. Step 2: Brainviset
process to obtain realistic subject-specific activity and attenuation maps. Step 3: Final simulation and reconstruction.

RBV, p>0.5) and 1.31% (GM/WM RBV, p>0.5), reflecting the good
agreement between the simulated and real data. After removing OFF
contributions from the simulation (no-OFF), we observed the expected
reduction of the measured SUVR without PVC (average = -16.19%,
p<0.001). These differences were significantly reduced after applying
Baker’s RBV (average = -1.73%, p>0.5) but remained after applying the
GM/WM RBV (average = -10.04%, p<0.001). We also observed that the
measured SUVRs were significantly higher than the simulated SUVRs
when applying the GM/WM RBV (p<0.001), an effect that we did not
observe for the Baker’s RBV or for non-PVC images (p>0.1).

3.2. ADNI and HABS FTP PET analysis

3.2.1. Correlation between target and OFF ROIs

Fig. 5 shows the correlations between SUVRs on the target and OFF
regions in the in-vivo cohort. For non-PVC images, linear regression
models showed a statistically significant positive relation for all cases.
HemisWM showed the highest correlation with all target regions (BA 1/1I
R2=0.40, slope=0.64; BA I1I/IV R?=0.74, slope=0.68; BA V/VIR?=0.72,
slope=0.63; hippocampus R?=0.47, slope=1.07). For PVC SUVR val-
ues, a significant reduction of the hemisWM spill-in effect was ob-
served, mainly after Baker’s RBV (BA I/II R®=0.08, slope=0.36; BA
I1I/IV R?= 0.26, slope=0.41; BA V/VI R?=0.10, slope=0.25; hippocam-
pus R%2=0.21, slope=0.79), but also after GM/WM RBV (BA I/II R?=
0.19, slope=0.49; BA III/IV R2= 0.28, slope=0.38; BA V/VI R2= 0.18,
slope=0.32; hippocampus R%2=0.34, slope=0.72). A similar pattern was
observed for the rest of OFF regions, with statistically significant posi-

tive correlations before PVC and decreased R? after PVC (linear models
in Supplementary Fig. 1). Nevertheless, the reduction on R? observed in
Fig. 5 was not accompanied by a reduction of the slope for some of the
OFF regions (caudate, putamen, pallidum and thalamus) (linear mod-
els in Supplementary Fig. 2). Some OFF regions such as the thalamus
and ChPlex still showed high spill-in effects on the hippocampus after
GM/WM RBV. CSF showed almost no effect on any target ROI, except
for BA V/VI without PVC. Finally, to better understand the differences
between single- and multi-centric studies, we studied these correlations
separately for ADNI (52 sites) and HABS (1 site). No observable differ-
ences were found between the results of the two cohorts (Supplementary
Fig. 3).

3.2.2. Interactions between OFF regions

Table 1 shows the correlations between OFF ROIs in-vivo. Cau-
date, putamen and pallidum showed the strongest correlations among
themselves before PVC (R2 0.58-0.90) with subtle or no decrease af-
ter Baker’s RBV (R? 0.46-0.64) and GM/WM RBV correction (R? 0.67-
0.86). HemisWM also had a significant correlation between these re-
gions before PVC (R? 0.52-0.55), which was largely weakened after
PVC, especially with Baker’s RBV (R? 0.18-0.33). Thalamus, hemisWM
and cerebWM conformed the second group of highly intercorrelated
regions before PVC (R? 0.53-0.64), with virtually no decrease after
Baker’s (R? 0.48-0.67) or GM/WM RBV (R? 0.47-0.82). Lastly, the Ch-
Plex and CSF regions were not correlated with other OFF regions (Ch-
Plex R%2<0.09, CSF R%<0.06), except for the ChPlex and the thalamus
before PVC (R?=0.34) and after GM/WM RBV (R?=0.27). Additionally,
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Table 1
R? values for each pair of OFF regions and age, before PVC, after Baker’s RBV, and after GM/WM RBV. *p<0.05. **p<0.0001. Highly correlated ROIs are highlighted
in bold.

Putamen Pallidum Thalamus ChPlex CerebWM HemisWM CSF Age
Caudate
No PVC 0.61** 0.58** 0.50** 0.09** 0.39** 0.52%* 0.00 0.03*
Baker’s RBV 0.64** 0.46** 0.35* 0.04* 0.22%* 0.22%* 0.01 0.06**
GM/WM RBV 0.77%* 0.67** 0.49** 0.06* 0.27+* 0.38"* 0.01 0.10**
Putamen
No PVC 0.90** 0.53** 0.04* 0.40** 0.54** 0.02* 0.20%*
Baker’s RBV 0.53** 0.34** 0.00 0.14** 0.18* 0.04* 0.21%*
GM/WM RBV 0.86** 0.53** 0.04¢ 0.30** 0.44** 0.03* 0.20**
Pallidum
No PVC 0.55** 0.05** 0.45%* 0.55%* 0.01* 0.15%*
Baker’s RBV 0.42** 0.01 0.33** 0.33** 0.02* 0.08**
GM/WM RBV 0.55** 0.04* 0.38** 0.49** 0.02* 0.14**
Thalamus
No PVC 0.34** 0.52** 0.64** 0.00 0.04**
Baker’s RBV 0.06* 0.48** 0.52** 0.00 0.02%*
GM/WM RBV 0.27** 0.47** 0.57** 0.01* 0.07**
ChPlex
No PVC 0.04* 0.06* 0.00 0.02*
Baker’s RBV 0.02* 0.01 0.01 0.00
GM/WM RBV 0.01 0.02* 0.01* 0.06**
CerebWM
No PVC 0.62** 0.00 0.00
Baker’s RBV 0.67** 0.01 0.03*
GM/WM RBV 0.82%* 0.02* 0.00
HemisWM
No PVC 0.04* 0.02*
Baker’s RBV 0.06** 0.00
GM/WM RBV 0.01 0.02*
CSF
No PVC 0.03*
Baker’s RBV 0.03*
GM/WM RBV 0.02*

age also showed little to no correlation with any OFF region (R%<0.09),
with the exceptions of the putamen (R? 0.20-0.21) and the pallidum (R?
0.14-0.15; R? <0.08 after Baker’s RBV). As in the previous section, in
Supplementary Tables 5 and 6 we report the results for the ADNI and
HABS cohorts separately. In brief, no significant differences were found
between cohorts, with the only exception of a significantly higher cor-
relation between the thalamus and the ChPlex in HABS after Baker’s
RBV.

3.3. Simulated cohort

From our in-vivo cohort we obtained SUVR ranges (mean =+ 2 SDs) of
the different OFF ROIs used for the generation of the activity maps for
the MC simulation. Specifically: [0.98, 1.49] for the hemisWM, [1.04,
2.03] for the caudate, [1.14, 2.19] for the putamen, [1.23, 2.44] for
the pallidum, [1.09, 1.67] for the thalamus, [0.85, 7.25] for the ChPlex,
[0.98, 1.43] for the cerebWM and [0.34, 0.91] for the CSF. These values
were obtained after Baker’s RBV correction, ensuring correct measure-
ments in small areas such as the ChPlex.

On the simulated images, our linear regression models for non-PVC
revealed a positive correlation (p<0.05) between target SUVR and simu-
lated hemisWM SUVR for all target regions (BA and hippocampus), with
slopes ranging between 0.15 and 0.26. A positive correlation (p<0.05)
between the BA SUVRs and the simulated CSF SUVR was also observed
(slopes 0.13-0.21). Furthermore, a positive correlation between the hip-
pocampus SUVR and simulated ChPlex SUVR was confirmed with a
slope of 0.02 (p<0.001) (the linear regressions for these correlations
are shown in Supplementary Fig. 4). For the cerebWM, a negative cor-
relation with all the target regions were observed (p<0.05), with slopes
ranging between -0.06 and -0.03. For the rest of the OFF regions (cau-
date, pallidum, putamen and thalamus) our simulation results did not
reproduce the correlations observed in real data (slope<0.02, p>0.05).
All the correlations found on non-PVC data severely decreased after ap-

plying Baker’s RBV (|slope|<0.05). As expected, applying the GM/WM’s
atlas PVC only reduced the correlations between hemisWM and target
regions (BA and hippocampus) (slope<0.05). The correlation between
cerebWM and all target regions slightly increased after the GM/WM
PVC (maximum slopes from -0.06 to -0.08). For images smoothed to
an isotropic resolution of 8 mm, we obtained similar results, with minor
variations (increases) in the slopes after smoothing (see Supplementary
Table 7).

Furthermore, our in-vivo analysis revealed that some clusters of OFF
ROIs co-varied without any notable reduction in correlation after apply-
ing PVC. These groups of ROIs were i) caudate, putamen and pallidum
and ii) thalamus, hemisWM and cerebWM. Following these findings, we
performed additional simulations where each of these groups of ROIs
was co-varied together. The results were analysed combined with the
data from each of the ROIs varying. As can be seen in Table 2, for group
i) the effect of varying the ROIs together did not have any notable effect
compared to varying the ROIs individually, with virtually no effect on
the SUVR. For group ii), the hemisWM is still the dominant contribu-
tor to SUVR variations (slopes 0.15-0.24) when all the group is varied
together.

3.3.1. Interactions between OFF regions

Table 3 shows the interactions between the SUVR values of the
different OFF regions. In contrast with our in-vivo analysis, a single
OFF region varies while the rest remain fixed, allowing us to measure
cross-region PVE precisely. The strongest correlations were observed
between the hemisWM SUVR and the rest of OFF ROIs (except the
cerebWM) before PVC (slopes 0.09-0.39, p<0.001). These correlations
were largely weakened after Baker’s RBV (slopes 0.02-0.05, p<0.05)
except for the ChPlex (slope=0.45, p<0.05), and after GM/WM RBV
(slopes 0.00 - 0.12, p<0.05) except for the cerebWM, where a new corre-
lation emerged (slope=0.19, p<5e-5). CSF showed negative correlations
with the rest of OFF ROIs but the hemisWM (slopes from —0.06 to -0.02,
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Table 2

Series of multi-parametric regression with FTP SUVRs in BA and hippocampus as dependent measure and SUVRs in group i (Caudate, putamen and pallidum) and
group ii (Thalamus, hemisWM and cerebWM) as independent measures.

Dependent variable  Group i Group ii

Independent-variable g Independent-variable g

Caudate Putamen Pallidum R? Thalamus HemisWM CerebWM R?
no PVC BA I/1I 0.00 0.00 0.00 0.65 0.00 0.15 -0.04 1.00
BA III/IV 0.00 0.00 0.00 0.74 0.00 0.21 -0.04 1.00
BA V/VI 0.00 0.00 0.00 0.73 -0.01 0.24 -0.04 1.00
Hippocampus 0.00 0.00 0.00 0.54 0.00 0.18 -0.04 1.00
Baker’s BAI/II 0.00 0.00 0.00 0.27 0.01 0.04 0.03 0.92
RBV BA III/IV 0.00 0.00 0.00 0.61 0.00 0.01 0.02 0.89
BA V/VI 0.00 -0.01 0.00 0.79 -0.01 0.00 0.02 0.78
Hippocampus 0.00 0.00 0.00 0.64 -0.01 -0.02 0.01 0.92
GM/WM RBV BA /11 0.01 0.01 0.01 0.78 0.01 0.07 -0.05 0.99
BA III/IV 0.00 0.00 0.00 0.88 0.01 0.06 -0.06 0.99
BA V/VI 0.01 0.00 0.01 0.84 0.01 0.08 -0.05 0.99
Hippocampus 0.00 0.00 0.00 0.57 0.02 0.04 -0.06 0.99
Table 3

Slopes for the correlations between OFF ROIs before PVC, after Baker’s RBV and after GM/WM RBV PVCs. *p<0.05. **p<0.0001. In bold, ROIs for which |slope|>0.02
for any of the items.

Fixed ROIL
Caudate Putamen Pallidum Thalamus ChPlex CerebWM HemisWM CSF
Varying Caudate
ROI No PVC 0.02* 0.01 0.01 0 0 0.01* 4]
Baker’s RBV 0.01* 0 -0.01* 0.02* 0 0 0
GM/WM RBV 0.01* 0.01 0 0 0 0 0
Putamen
No PVC 0.02* 0.23** 0 0 0 0.01* 0
Baker’s RBV 0 0 0 0.01 0 0 0
GM/WM RBV 0.01* 0.15%* 0 0 0 0 0
Pallidum
No PVC 0 0.09** 0.01* 0 0 0 0
Baker’s RBV -0.01 -0.01* 0.01* -0.01 0 0 0
GM/WM RBV 0 0.06** 0.01* 0 0 0 0
Thalamus
No PVC 0.01 0.01 0.04* 0.15* 0 0 0
Baker’s RBV -0.01 0 0.03* -0.10* 0 0 0
GM/WM RBV 0.01* 0.01 0.03* 0.01* -0.01* -0.01* 0
ChPlex
No PVC 0 0 0 0.02* 0 0 0
Baker’s RBV 0 0 0 -0.01* 0 0 0
GM/WM RBV 0 0 0 0.02* 0 0 0
CerebWM
No PVC -0.02* -0.04* -0.04* -0.03* -0.03* -0.03* -0.03*
Baker’s RBV 0.02 0.01 0.02 0.01 0.01 0.01 0
GM/WM RBV -0.03* -0.05* -0.04* -0.03* -0.01* 0.01* 0
HemisWM
No PVC 0.32** 0.39** 0.34** 0.17** 0.32** 0 0.09**
Baker’s RBV 0.02 0.05* 0.03* 0.03* 0.45* 0.01 0.02*
GM/WM RBV 0.12* 0.12* 0.10* 0.09* 0.01* 0.19%* 0
CSF
No PVC -0.04* -0.05* -0.06* -0.02* -0.03* -0.03* 0.03*
Baker’s RBV 0 [ -0.01 0.01* -0.02 0.02* 0.01*
GM/WM RBV -0.03* -0.03* -0.03* -0.02* 0 -0.09** -0.09**

p<0.05), and these were weakened only after Baker’s RBV (slopes from
-0.02 to 0.01, p>0.01). The correlation between CSF and cerebWM in-
creased after GM/WM PVC. The putamen and the pallidum were corre-
lated before PVC (slopes 0.09 and 0.23, p<5e-5) and these correlations
disappeared after Baker’s RBV but not after GM/WM RBV. The thala-
mus was correlated with the ChPlex (0.15, p<0.05) and the pallidum
(0.04, p<0.05) and these correlations were reduced but still significant
after PVC. Finally, a correlation between the cerebWM and all the other
OFF ROIs was also observed (slopes from -0.04 to -0.02, p<0.05) before
PVC. This correlation significatively decreased after Baker’s PVC cor-
rection (slopes 0.00 - 0.02, p>0.01) but persisted after GM/WM (slopes
from -0.05 to -0.01, p<0.05) except for the hemisWM and the CSF. After

smoothing to a resolution of 8 mm, we did not observe notable changes
in the interpretation of the results, with some slightly higher slopes,
especially for the ChPlex (the slope increased from 0.45 to 0.56 after
smoothing) (see Supplementary Table 8).

3.4. In-vivo vs. simulated data

Table 4 shows a comparison between the slopes of each of the re-
ported correlations (BA vs. OFF, non-PVC, Baker’s RBV and GM/WM
RBV) for both in-vivo and simulated data. In general, slopes were sig-
nificantly lower in simulated data than in real data, which suggests
an additional biological/tracer-related contribution to the total slope.
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Table 4
Slopes from the linear fits in the in-vivo and simulated cohorts (*p>0.05). *For non-PVC regions with |slope|>0.01, we calculate the % reduction after PVC.
no PVC Baker’s RBV GM/WM RBV
OFF ROI Target ROI In-vivo Simulated In-vivo (% change Simulated (% In-vivo (% change Simulated (%
after PVC*) change after PVC*) after PVC*) change after PVC*)
Caudate BA I/11 0.31 0.01* 0.25 (-19) 0.01 0.37 (+16) 0.01
BA III/IV 0.31 0.00* 0.21 (-32) 0.01+ 0.33 (+9) 0.01*
BA V/VI 0.28 0.00* 0.20 (-29) 0.00* 0.31 (+11) 0.00*
Hippocampus 0.5 0.00* 0.22 (-56) 0.00% 0.47 (-6) 0.00*
Putamen BA I/1I 0.26 0.00* 0.27 (+4) 0.00* 0.39 (+50) 0.00*
BA III/IV 0.26 0.00* 0.22 (-15) 0.00* 0.34 (+31) 0
BA V/VI 0.21 0.00* 0.17 (-19) 0.00* 0.29 (+38) 0
Hippocampus 0.44 0.00* 0.33 (-25) 0.01* 0.54 (+23) 0.01*
Pallidum BA I/11 0.23 0.00* 0.22 (-4) 0.00* 0.33 (+43) 0.00*
BA III/IV 0.23 0.00* 0.17 (-26) 0.00* 0.27 (+17) 0.00*
BA V/VI 0.18 0.00* 0.13 (-28) 0 0.22 (+22) 0
Hippocampus 0.39 0.00* 0.26 (-33) -0.01+ 0.45 (+48) 0.00*
Thalamus BA 1/11 0.41 -0.01* 0.44 (+7) -0.02* 0.48 (+15) -0.01*
BA III/IV 0.4 0.00* 0.45 (+13) 0 0.35 (-13) 0.00*
BA V/VI 0.34 0.00* 0.35 (+3) -0.01* 0.30 (+13) 0.00*
Hippocampus 0.98 0.02 0.96 (-2) 0.02 (0) 0.93 (-5) 0.03 (+50)
hemisWM BA I/1I 0.64 0.15 0.36 (-44) 0.01* (-93) 0.49 (-23) 0.05 (-67)
BA III/IV 0.68 0.22 0.41 (-40) 0.01* (-95) 0.38 (-44) 0.04 (-82)
BA V/VI 0.63 0.26 0.25 (-60) -0.01 (-104) 0.32 (-49) 0.05 (-81)
Hippocampus 1.07 0.2 0.79 (-26) -110.02 0.72 (-33) 0.04 (-80)
cerebWM BA I/11 0.61 -0.03 0.36 (-41) 0.05 (+267) 0.40 (-34) -0.04 (+33)
BA III/IV 0.63 -0.04 0.41 (-35) 0.03 (+175) 0.28 (-56) -0.06 (+50)
BA V/VI 0.54 -0.03 0.31 (-43) 0.02 (+167) 0.18 (-67) -0.06 (+100)
Hippocampus 1.14 -0.06 0.57 (-50) 82.99 0.68 (-40) -0.08 (+33)
chPlex BA I/1I 0.10* 0 ~0.00* (-100) 0.01 0.08 (-20) 0
BA III/IV 0.06* 0 ~0.00% (-100) 0 0.04 (-33) 0
BA V/VI 0.04 0 0.01 (-75) 0.00* 0.03 (-25) 0.00*
Hippocampus 0.38 0.02 0.07 (-82) -0.01 (-150) 0.27 (-29) 0.02 (0)
CSF BA I/11 0.34 0.19 -0.24 (-170) 0.01* (-95) 0.98 (+188) 0.30 (-58)
BA III/IV 0.33 0.13 -103.01 0.017* (-92) 0.56 (+70) 0.20 (-54)
BA V/VI 0.47 0.21 -109.04 -0.02 (-110) 0.75 (+37) 0.34 (-62)
Hippocampus 0.18* 0.03 0.22 (+22) 0.05 (-67) -161.11 0.07 (-133)

For the ROIs that were found to contribute to BA and hippocampus
SUVR through PVE in the simulated data (hemisWM, CSF, ChPlex and
cerebWM), applying Baker’s RBV produced and average reduction in the
slopes of the linear fits for real data of 0.215+0.149 (-53.7+40.1 %),
while applying the GM/WM RBV produced a reduction of 0.205+0.155
(-47.1+22.5 %). For the hemisWM, which was found to contribute the
most to PVE both in-vivo and on simulated data, both PVCs performed
similar in-vivo, with reductions of -42.5+14.0 % and -37.5+11.6 % for
the Baker’s RBV and the GM/WM RBV, respectively. Interestingly, for
the ROIS where PVE to the target regions was not observed in the simu-
lations (Caudate, putamen, pallidum and thalamus), the average reduc-
tion in the slopes was much more modest, with a reduction of 0.06+0.08
(-16.3+18.5 %) after applying Baker’s RBV and an increase in the slopes
(0.04+0.05, 21.2+18.4 %) after applying GM/WM RBV, as it would be
expected if these correlations were driven by factors other than PVE.

4. Discussion

Previous works (Baker et al., 2019; Chandra et al., 2019; Lowe et al.,
2016) reported strong correlations between SUVRs measured on OFF
and cortical regions that were only partially corrected when applying
sophisticated PVC (Baker et al., 2019). While this could be attributed to
the PVC not being able to correct all the PVE, the authors also hypoth-
esised that the remaining correlation between OFF and BA signal might
be a biological feature of FTP binding properties. This is compatible
with previous findings suggesting that the uptake of some of these OFF
regions, namely the white matter, might be biologically meaningful and
not totally unspecific (Moscoso et al., 2021; Wen et al., 2021). To test
these hypotheses, we present an investigation of OFF spill-in contribu-
tion to cortical SUVR measurements in a reliable and well-controlled MC
simulation environment, combined with an in-depth analysis of these

contributions in vivo, adding substantial evidence to previous results
(Baker et al., 2019) using an independent and larger dataset.

In our study, we observed positive correlations between the
hemisWM and all the target regions (BA and hippocampus) both on sim-
ulated (slopes 0.15-0.26, R>>0.99) and in-vivo data (slopes 0.63-1.07,
R2>0.4). Furthermore, we also observed that the rest of the OFF regions
were correlated with the hemisWM (see Table 1, Table 3), indicating
a strong impact of PVE from the hemisWM to both OFF and cortical
regions. In our simulation experiments we also detected positive cor-
relations between the CSF and the BA (slopes 0.13-0.21, R2>0.99) but
these could not be replicated in-vivo, probably because of the low up-
take of the CSF (0.34-0.91) in comparison to other OFF regions such
as the hemisWM (0.98-1.49), which might mask PVC from the CSF
(Akerele et al., 2018). In addition, a correlation was observed between
the ChPlex and the hippocampus, which is in good agreement with pre-
vious results (Lee et al., 2018). While the slope for this correlation (0.02)
was small compared to those found with hemisWM or CSF, the measured
variability of the ChPlex in our in-vivo cohort was by far the largest in
any OFF region (0.85-7.25), allowing such a small slope to still pro-
duce significant variations in cortical SUVRs. However, the high uptake
in the ChPlex affected the hippocampus but not the BA, so the spill-in
from the ChPlex might be a minor issue when not including the hip-
pocampus in BA I/II (Maass et al., 2017). Finally, negative correlations
between the cerebWM and all cortical regions, as well as between the
cerebWM and the CSF and the rest of OFF regions were observed in the
simulations. Spill-in counts coming from the cerebWM (and the CSF)
might artificially rise the uptake on the reference region (inferior cere-
bellar grey matter), thus reducing SUVRs for the rest of the regions. In
general, the correlations described above (except the negative correla-
tion with the cerebWM) disappeared after applying Baker’s RBV on the
simulated data, suggesting an excellent performance of this PVC, while
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Fig. 3. Left: Examples of the simulated activity maps. Right: Comparison be-
tween real and simulated FTP PET images (including those corresponding to
the no-OFF binding condition) for 3 of the 10 ADNI subjects before and after
applying PVC (both Baker’s and GM/WM RBV).

GM/WM RBV only reduced the correlations related with the hemisWM.
As expected, Baker’s RBV was superior to GM/WM RBV for the quan-
tification of the hippocampus FTP SUVR due to the large contribution
of the ChPlex. For most of the correlations observed on the simulations
among these regions (hemisWM, CSF, ChPlex, cerebWM), we observed
similar patterns in-vivo, but with higher slopes and PVC removing only
a fraction of the effect (Fig. 5). In terms of the slopes of the observed
correlations, we observed a reduction of around 0.2 after applying PVC
in-vivo (~50%), while these slopes were reduced to ~ 0 in the simulated
data. These results seem to support previous hypotheses pointing that
PVE is not the only contributor to these correlations on real subject data
(Baker et al., 2019).

Our simulation experiments did not reveal any correlations between
the rest of the OFF regions (caudate, putamen, pallidum and thalamus)
or co-varying groups of OFF ROIs and cortical SUVRs. These correla-
tions were found on in-vivo data but, while PVC (specially Baker’s RBV)
strongly reduced the variance for these correlations (Fig. 5), the slopes
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Fig. 4. SUVR comparison between real and simulated FTP PET images (includ-
ing no-OFF binding results) for BA and hippocampus for non-PVC images (top
panel), Baker’s RBV PVE corrected images (middle panel) and GM/WM RBV
PVE corrected images (bottom panel). The blue boxes represent the simulated
SUVRs.

of the correlations were reduced only by 16.3% when applying Baker’s
RBV and even increased after GM/WM RBV, which contrasts with the
reduction of about 50% with both PVCs for those ROIs where PVE was
found to produce relevant spill-in on simulated data. These results might
suggest that PVE is not the main contributor to the correlations between
these OFF ROIs and BA in-vivo.

In summary, our results strongly suggest that the correlations be-
tween cortical and OFF regions are heavily influenced by factors other
than PVE, as suggested by previous studies (Baker et al., 2019). On the
one hand, the linear regression slopes were larger in-vivo than in sim-
ulated data, where PVE is the only correlation source (i.e., 0.63-0.67
vs 0.15-0.26 for the correlation between hemisWM and BA). On the
other hand, the reduction of the slopes was notably higher in-vivo for
those regions where significant PVE was observed in the simulations,
pointing that PVE is not the main contributor to the correlations found
with the remaining OFF regions. More suggestively, the reduction of
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C. Cortical FTP SUVR relation with OFF regions with GM/WM RBV
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Fig. 5. R? values between OFF regions and quantified FTP SUVR values (+p>0.05). A) Before PVC. B) After Baker’s RBV. C) After GM/WM RBV.
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the slopes after PVC in-vivo was only slightly higher than the PVE con-
tribution as measured by MC simulation (0.27-0.38 vs. 0.15-0.26 for
the hemisWM). These results suggest that PVC might be effectively re-
moving PVE in-vivo and that the remaining correlation is caused by
non-PVE effects, such as underlying biological or tracer-related contri-
butions (Baker et al., 2019).

Regarding the impact of PVC, despite not removing all correlations,
it significantly improved the results of in-vivo quantification, so we still
recommend applying PVC on FTP PET. Our simulation results suggest
that Baker’s RBV was able to remove almost all the PVE counts, while
applying a simplified two-compartment mask removed all but the cor-
relation between the ChPlex and the hippocampus. Yet, we would still
recommend the Baker’s approach for its much better representation of
realistic SUVRs (Fig. 4) and more reliable behaviour overall (Table 4).

With regards to the limitations of this work, we point that our activ-
ity maps were extracted for only 10 subjects of the initial cohort of 309
HC,,., and all of them were scanned with the GE Discovery ST scanner.
This choice was made in order to be able to use a previously validated
MC model, available for this scanner, which achieves an excellent cor-
respondence between simulated and real data (Paredes-Pacheco et al.,
2021). While still present in many centers, the GE Discovery ST is a rel-
atively old scanner, and we expect that PVEs will be smaller for modern
scanners with better spatial resolutions. Furthermore, despite the excel-
lent performance of our MC model, the use of modelling also comes with
some inherent limitations. For example, we have used an adaptation of
STIR for the reconstruction, but we assume that using the scanner re-
construction algorithm might produce more accurate results. Another
limitation of this work is the absence of the skull and the meninges as
OFF ROIs. Although OFF in these regions has been reported for sec-
ond generation tau PET tracers such as [18F]-MK-6240 and [18F]R0948
(Betthauser et al., 2019; Smith et al., 2020) and demonstrated to pro-
duce spill-in effects into the cortex (Mertens et al., 2022), the segmen-
tation of these regions based on T1 MRI data is challenging and these
regions are not included in Baker’s atlas (Baker et al., 2017). In addition,
for correcting PVE, we used only one PVC technique (RBV) with two
different masks. While differences are expected in performance when
using other PVCs, we restricted to RBV as a standard PVC technique in
the field. We expect that our GM/WM results would apply to other two-
compartment PVCs. Finally, we performed our analysis only on HC,,..
We expect the effect of PVE to be smaller in A+ subjects, in whom a
higher cortical FTP signal is expected.

5. Conclusions

The variability of cortical FTP SUVR is primarily influenced by PVE
from the hemisWM and, to a lesser degree, by the CSF and the ChPlex.
While the spill-out counts from the ChPlex have an impact on the hip-
pocampus due to its proximity, the hemisWM and the CSF signal affects
SUVR variability in all target regions. Although PVC improves image
quantification, remaining correlations in vivo are not observed on a sim-
ulation environment, pointing to the existence of biological or tracer-
related contributions to these correlations.
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