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Michel J. Grothe c,d,f,g, Michael Schöll c,d,h, Jesús Silva-Rodríguez f,g,*, Pablo Aguiar a,b,f,*, for 
the Alzheimer’s Disease Neuroimaging Initiative2 

a Molecular Imaging Group. Center for Research in Molecular Medicine and Chronic Diseases (CIMUS), University of Santiago de Compostela (USC), Campus Vida, 
Santiago de Compostela, Av. Barcelona SN, 15782, Santiago de Compostela, Galicia, Spain 
b Nuclear Medicine Department and Molecular Imaging Group, Instituto de Investigación Sanitaria de Santiago de Compostela, Travesía da Choupana s/n, Santiago de 
Compostela, Spain 
c Wallenberg Centre for Molecular and Translational Medicine, University of Gothenburg, Gothenburg, Sweden 
d Department of Psychiatry and Neurochemistry, Institute of Physiology and Neuroscience, University of Gothenburg, Gothenburg, Sweden 
e NeuroAging Laboratory Group (NEURAL), Clinical Neurosciences Research Laboratories (LINC), Health Research Institute of Santiago de Compostela (IDIS), 
University Clinical Hospital, Santiago de Compostela, Spain 
f Centro de Investigación Biomédica en Red sobre Enfermedades Neurodegenerativas, Instituto de Salud Carlos III, Madrid, Spain 
g Reina Sofía Alzheimer’s Centre, CIEN Foundation, ISCIII, Madrid, 28031, Spain 
h Dementia Research Centre, Institute of Neurology, University College London, London, United Kingdom   

A R T I C L E  I N F O   

Keywords: 
Tau PET 
PVC 
Longitudinal 
Off-target binding, SUVR 

A B S T R A C T   

Background: [18F]flortaucipir (FTP) tau PET quantification is known to be affected by non-specific binding in off- 
target regions. Although partial volume correction (PVC) techniques partially account for this effect, their in-
clusion may also introduce noise and variability into the quantification process. While the impact of these effects 
has been studied in cross-sectional designs, the benefits and drawbacks of PVC on longitudinal FTP studies is still 
under scrutiny. The aim of this work was to study the performance of the most common PVC techniques for 
longitudinal FTP imaging. 
Methods: A cohort of 247 individuals from the Alzheimer’s Disease Neuroimaging Initiative with concurrent 
baseline FTP-PET, amyloid-beta (Aβ) PET and structural MRI, as well as with follow-up FTP-PET and MRI were 
included in the study. FTP-PET scans were corrected for partial volume effects using Meltzer’s, a simple and 
popular analytical PVC, and both the region-based voxel-wise (RBV) and the iterative Yang (iY) corrections. FTP 
SUVR values and their longitudinal rates of change were calculated for regions of interest (ROI) corresponding to 
Braak Areas I-VI, for a temporal meta-ROI and for regions typically displaying off-target FTP binding (caudate, 
putamen, pallidum, thalamus, choroid plexus, hemispheric white matter, cerebellar white matter, and cere-
brospinal fluid). The longitudinal correlation between binding in off-target and target ROIs was analysed for the 
different PVCs. Additionally, group differences in longitudinal FTP SUVR rates of change between Aβ-negative 
(A-) and Aβ-positive (A+), and between cognitively unimpaired (CU) and cognitively impaired (CI) individuals, 
were studied. Finally, we compared the ability of different partial-volume-corrected baseline FTP SUVRs to 
predict longitudinal brain atrophy and cognitive decline. 
Results: Among off-target ROIs, hemispheric white matter showed the highest correlation with longitudinal FTP 
SUVR rates from cortical target ROIs (R2=0.28–0.82), with CSF coming in second (R2=0.28–0.42). Application of 
voxel-wise PVC techniques minimized this correlation, with RBV performing best (R2

=0.00–0.07 for hemispheric 
white matter). PVC also increased group differences between CU and CI individuals in FTP SUVR rates of change 
across all target regions, with RBV again performing best (No PVC: Cohen’s d = 0.26–0.66; RBV: Cohen’s d =
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0.43–0.74). These improvements were not observed for differentiating A- from A+ groups. Additionally, voxel- 
wise PVC techniques strengthened the correlation between baseline FTP SUVR and longitudinal grey matter 
atrophy and cognitive decline. 
Conclusion: Quantification of longitudinal FTP SUVR rates of change is affected by signal from off-target regions, 
especially the hemispheric white matter and the CSF. Voxel-wise PVC techniques significantly reduce this effect. 
PVC provided a significant but modest benefit for tasks involving the measurement of group-level longitudinal 
differences. These findings are particularly relevant for the estimations of sample sizes and analysis methodol-
ogies of longitudinal group studies.   

1. Background 

Over the recent years, positron emission tomography (PET) has 
become the reference tool for the in vivo evaluation of amyloid-beta (Aβ) 
plaques and tau neurofibrillary tangles in Alzheimer’s Disease (AD) 
(Schöll et al., 2016; Schultz et al., 2018). Among the wide range of tau 
PET radiotracers available (Gogola et al., 2022; Lemoine et al., 2017), 
[18F]flortaucipir (FTP) has been the most studied, demonstrating its 
ability for the in vivo detection and monitoring of AD-related 3R/4R 
tauopathy (Chien et al., 2013; Leuzy et al., 2019). Both post-mortem and 
in-vivo studies have demonstrated that FTP-PET is able to stage AD 
tauopathy based on the quantification of FTP standardized uptake value 
ratios (SUVR) within regions of interest (ROIs) representing the different 
Braak areas (Schöll et al., 2016; Soleimani-Meigooni et al., 2020). 
During the last decade, FTP has become an essential tool for AD research 
and clinical trials of disease-modifying drugs (Ossenkoppele et al., 2021; 
Teng et al., 2022), and its recent approval by the FDA may result on an 
increasing use of the tracer in the clinic. 

Despite recent advancements on its applications, FTP-PET is still 
hampered by technical limitations inherent to PET imaging, such as 
noise and limited spatial resolution. Specifically, FTP-PET has been 
notorious for showing unspecific uptake in non-cortical areas such as the 
white matter, the basal ganglia and, the choroid plexus, among others 
(Baker et al., 2019; López-González et al., 2022), which degrades image 
quantification via partial volume effects (PVE). The unspecific uptake in 
these off-target ROIs results in a "spill-in" effect into neighbouring re-
gions, causing an overestimation of the true activity levels, or, in the 
case of tau PET, and overestimation of the tau accumulation (Aston 
et al., 2002; Lu et al., 2021). Furthermore, a complementary spill-out 
effect in the opposite direction can also occur, making activity from 
small regions with high activity, such as the hippocampus or the ento-
rhinal cortex, “spill-out” to adjacent regions. While novel (usually 
named “second generation”) tau PET tracers have significantly reduced 
off-target binding (Bischof et al., 2021), PVE is still considered to play an 
important role in longitudinal studies, as it increases with cortical 
thinning. To mitigate these effects, several Partial Volume Correction 
(PVC) techniques have been developed over the years (Erlandsson et al., 
2012). Previous work from our group and others has demonstrated that 
PVC methods provide a significant benefit for FTP-PET quantification in 
cross-sectional studies, at least at the group level (Baker et al., 2019; 
López-González et al., 2022). However, even though PVCs are effective 
for removing spill-in and spill-out counts in FTP-PET, they usually result 
in significant image degradation in the form of increased noise and ar-
tifacts, increasing the variability of cortical SUVRs (Erlandsson et al., 
2012). This increased variability could severely penalize the ability of 
tau PET to measure small variations in tau accumulation over time. 
While several tau PET longitudinal studies have already incorporated 
PVC in the pipeline analysis, the impact and expected benefit of PVC on 
longitudinal studies is still under discussion (Schwarz et al., 2021) . 
Thus, in the present work we aimed at carrying out a systematic eval-
uation of the performance of different PVC techniques in common lon-
gitudinal FTP-PET metrics. To this end, we evaluated the impact of 
off-target binding on the ability of FTP-PET to assess longitudinal 
changes in FTP SUVRs. Additionally, we studied whether PVC increases 
FTP SUVR differences between groups that are well-known for showing 

diverging trajectories of tau accumulation, such as between Aβ PET 
negative (A-) and positive (A+) participants, as well as between cogni-
tively unimpaired (CU) and cognitively impaired (CI) individuals (Jack 
et al., 2018). Finally, we studied the impact of PVC on the performance 
of baseline FTP SUVRS to predict longitudinal atrophy and cognitive 
decline. 

2. Methods 

2.1. Participants 

The data used in the preparation of this article were obtained from 
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database. 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 cogni-
tive impairment (MCI) and early AD. 

Our study included 247 participants who had undergone concurrent 
(acquired within 6 months) baseline structural MRI, Aβ and FTP-PET 
scans, as well as concurrent follow-up MRI and FTP-PET scans (1.88 
±0.92 years). Participants had undergone baseline clinical evaluation 
and were classified as cognitively unimpaired (CU, N = 134) or cogni-
tively impaired individuals (CI, N = 113; combining patients with mild 
cognitive impairment (MCI) and AD dementia). Additionally, longitu-
dinal cognitive performance data measured using the Alzheimer’s Dis-
ease Assessment Scale-Cognitive Subscale (ADAS-Cog 11) were 
available for CI individuals (N = 110; 2.31±1.09 years between 
assessments). 

2.2. Image acquisition 

MRI and PET scan acquisitions followed the same protocols as 
described in previous studies (Costoya-Sánchez et al., 2023). In brief, 
FTP-PET scans in ADNI were acquired using dynamic 3D acquisitions of 
six 5-min frames starting 75 min after injection of 370±10 % MBq. ADNI 
Aβ PET scans were acquired using dynamic 3D acquisitions of four 5-min 
frames starting 50 min after injection of 370±10 % MBq of [18F]FTP or 
90 min after the injection of 300±10 % MBq of [18F]florbetaben. For this 
study, we used images in pre-processing level four as described by ADNI 
(https://adni.loni.usc.edu/methods/pet-analysis-method/pet-analysis/ 
), which corresponds to co-registered and averaged PET scans, further 
reoriented to a standard image matrix and smoothed to 8 mm isotropic 
resolution. 

T1 structural scans from ADNI were acquired on 3T scanners using an 
accelerated sagittal MPRAGE sequence with a spatial resolution of 1 
mm3. Each series in each exam underwent quality control following the 
steps described in detail in ADNI’s MRI protocol (http://adni.loni.usc. 
edu/methods/mri-tool/mri-analysis/). 

2.3. Neuroimaging processing 

MRI scans were segmented using both FreeSurfer 7.1.1 and Statisti-
cal Parametric Mapping 12 (SPM12, Wellcome Department of Imaging 
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Neuroscience, Institute of Neurology, London, UK) default pipelines. 
FreeSurfer’s segmentation ROIs were merged to generate the masks for 
Braak I/II, III/IV, and V/VI ROIs, as well as a previously defined tem-
poral meta-ROI aimed at detecting early tau accumulation (Jack et al., 
2017). Cortical volume measurements for these same ROIs were ob-
tained from FreeSurfer’s anatomical analysis. Additionally, FreeSurfer’s 
output ROIs for the caudate, putamen, pallidum, thalamus, choroid 
plexus (ChPlex), hemispheric white matter (hemisW), cerebellar white 
matter (cerebW) and cerebrospinal fluid (CSF) were included as 
off-target ROIs (Baker et al., 2019; López-González et al., 2022). 

FTP and Aβ PET scans were co-registered to the corresponding MRI 
scan using SPM12. Aβ PET load was quantified using the Centiloid scale 
following the guidelines proposed by (Klunk et al., 2015), and Aβ PET 
positivity was defined using a conservative threshold of 12 Centiloids. 

FTP-PET scans were corrected for PVE using some of the most used 
PVC techniques for brain PET. First, we included the Meltzer’s correc-
tion (Meltzer et al., 1990), which represents a simple deconvolution 
technique. Meltzer’s PVC was implemented as previously described by 
(Jack et al., 2018). To this end, a binarized GM mask (tissue probability 
of 0.5 or higher) was derived from the SPM segmentation and smoothed 
using a gaussian filter matching FTP-PET image resolution (FWHM=8 
mm). The FTP image was further deconvoluted using this image to 
obtain the PVE-corrected image. While this PVC has been previously 
proposed for longitudinal FTP-PET studies (Jack et al., 2018), it relies in 
assuming that signal outside the cortex equals to zero. Thus, this method 
corrects for the spill-out effect in boundary regions of the segmented GM 
(such as those right next to CSF), but it cannot remove the contributions 
from CSF and hemisW. Additionally, we tested two voxel-based tech-
niques: the iterative Yang (iY) (Yang et al., 1996) and the region-based 
voxel-wise corrections (RBV) (Thomas et al., 2011). iY is a multi-region 
extension of the voxel-based correction developed by (Videen et al., 
1988); and RBV is a modified version of the iY combined with the 
geometric transfer matrix method (Rousset et al., 1998). Both of these 
voxel-wise corrections were performed using the PETPVC toolbox 
(Thomas et al., 2016), combined with Baker’s subject-specific atlas 
(Baker et al., 2017). The subject-specific atlas is derived by combining 
inputs from FreeSurfer’s and SPM12 segmentations, and it includes 
cortical and off-target 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. 

FTP SUVRs were then computed for all PVCs using the inferior 
cerebellar gray matter as the reference region, obtained from the SUIT 
cerebellar template (Diedrichsen, 2006). 

2.4. Statistical analysis 

To explore the effect of spill-in counts from off-target areas on lon-
gitudinal FTP SUVRs in cortical target ROIs (and their effect in the 
opposite direction), we computed correlations between SUVR rates of 
change in target areas (Braak areas and temporal meta-ROI) vs SUVR 
rates in off-target ROIs, and assessed the effect of using PVC methods on 
these correlations compared to the use of no PVC (Meltzer correction 
was not included in this analysis as it can only be applied to grey matter 
and is thus not available for off-target regions). 

In addition, the performance of the PVC techniques was evaluated 
through their effect on group differences in FTP SUVR rates of change 
between CU and CI individuals, as well as between A- and A+ in-
dividuals. For this, linear models were applied for comparing groups 
(controlling for age and sex), using FTP SUVRs without PVC and after 
applying the different PVC techniques. The performance was evaluated 
using the corresponding effect sizes of group differences estimated as 
Cohen’s d. 

Finally, correlations between baseline FTP SUVR and rates of cortical 
volume change were computed using linear mixed models with subject- 
specific intercepts and slopes. Again, this analysis was carried out using 
FTP SUVRs without PVC and after applying the different PVC tech-
niques. Similarly, correlations between baseline FTP SUVR and ADAS- 
Cog11 rate of changes were also estimated. Confidence intervals for 
all statistical estimates, such as R2 estimates, were calculated using 
bootstrap (N = 1000), and compared using two-sample t-tests. 

3. Results 

3.1. Correlations between FTP SUVR rates in off-target and target ROIs 

Fig. 1 and Table 1 show the correlations between FTP SUVR rates of 
change in the target areas (Braak and temporal meta-ROI) vs the off- 
target ROIs. Without applying PVC (Fig. 1, blue bars), we observed a 
significant correlation between SUVR rates in target and off-target re-
gions, which was particularly strong for the hemisW (up to R2=0.8) and 
CSF (up to R2=0.4). When applying the iY or RBV corrections (Fig. 1, 
green and red bars), we observed significant decreases in the strength of 
the correlation (p < 0.05) for both methods for almost all combinations 
of off-target and target areas that showed strong correlations without 
PVC. Notably, this also includes significant R2 reductions for the cor-
relation between the ChPlex and Braak I/II ROIs. Supplementary 
Figure S1 provides example images of the results of each tested PVC. 

Fig. 1. FTP SUVRs rates of change relation in the temporal meta-ROI vs off-target ROIs (HemisW and CSF), including trend lines derived from linear regression.  

A. Costoya-Sánchez et al.                                                                                                                                                                                                                     



NeuroImage 289 (2024) 120537

4

3.2. Group differences in FTP SUVR rates of change 

Fig. 2 shows differences in FTP SUVR rates of change between CU 
and CI individuals. Supplementary Table S1 provides additional infor-
mation on the CU/CI group demographics. For the RBV correction, we 
observed significant increases in effect size compared to no PVC data for 
all target ROIs (Braak I/II Δd=0.17±0.15, p = 0.01; Braak III/IV 
Δd=0.08±0.06, p = 0.01; Braak V/VI Δd=0.17±0.14, p = 0.006; 
Temporal Meta-ROI Δd=0.09±0.06 p = 0.004). The iY correction also 
showed significant increases in effect sizes for all ROIs except for Braak 
I/II (Braak I/II Δd=0.06±0.13, p = 0.18; Braak III/IV Δd=0.05±0.05, p 
= 0.03; Braak V/VI Δd=0.15±0.13, p = 0.008; temporal meta-ROI 
Δd=0.06±0.06 p = 0.04), and the Meltzer’s correction showed signifi-
cant increases in effect size for all ROIs except for Braak III/IV (Braak I/II 
Δd=0.31±0.13, p < 0.001; Braak III/IV Δd=0.07±0.08, p = 0.05; Braak 
V/VI Δd=0.16±0.12, p = 0.15; Temporal Meta-ROI Δd=0.08±0.08 p =
0.04). 

Fig. 3 displays the differences in FTP SUVR rate of change between 
the A- and A+ groups. Supplementary Table S1 provides additional in-
formation on the A-/A+ group demographics. Group differences without 
PVC were larger across all ROIs compared to those found for CU/CI. In 
contrast with what we observed in the CU/CI analysis, none of the PVC 
methods resulted in significant effect size increases between A-/A+ in-
dividuals compared to no PVC data. Only the Meltzer correction showed 
increased group differences for some areas, although none of them were 
statistically significant (Braak I/II Δd=0.10±0.25, p = 0.07; Braak III/IV 
Δd=− 0.01±0.12, p = 0.40; Braak V/VI Δd=0.01±0.12, p = 0.43; 
Temporal Meta-ROI Δd=0.00±0.12 p = 0.42). 

3.3. Baseline FTP SUVR and rates of cortical volume change 

Fig. 4 shows the R-squared estimate between baseline FTP SUVR and 
longitudinal cortical volume rate of change in the same target ROI. RBV 
and iY showed significantly higher R-squared for Braak III/IV (iY: 
ΔR2=0.02±0.01, p = 0.006; RBV: ΔR2=0.02±0.02, p = 0.004) and the 
Temporal Meta-ROI (iY: ΔR2=0.0.2 ± 0.02, p = 0.002; RBV: ΔR2=0.02 
±0.02 p = 0.001), but not for the other ROIs. Meltzer did not result in a 
significant R2 increase for any region. 

3.4. Baseline FTP SUVR and ADAS-Cog 11 rate of change 

Fig. 5 shows the R-squared estimate between baseline FTP SUVR and 
the rate of change of the ADAS-Cog 11 score in CI individuals. All PVC 
techniques resulted in significantly higher R-squared for Braak III/IV 
(Meltzer: ΔR2=0.04±0.03, p = 0.01; iY: ΔR2=0.03±0.03, p = 0.02; 
RBV: ΔR2=0.04±0.04, p = 0.01) and for the Temporal Meta-ROI 
(Meltzer: ΔR2=0.04±0.03 p = 0.01; iY: ΔR2=0.03±0.03, p = 0.02; 
RBV: ΔR2=0.04±0.04 p = 0.01). Similar to the cortical volume analysis, 
no significant differences were observed for the Braak I/II nor Braak V/ 
VI ROIs. 

4. Discussion 

The main aim of our study was to assess whether different PVC ap-
proaches provide the expected benefits in longitudinal FTP-PET studies. 
To this end, we first analysed the impact of off-target uptake on 
measured tau accumulation rates of change in cortical target areas. 
Here, we observed that variation in hemisW signal was a significant 
contributor to the measured rates of change in all the target ROIs (Braak 
and Temporal Meta-ROI) (R2=0.28 for Braak I/II, R2>0.66 for other 
target areas). This result aligns with previously reported data on cross- 
sectional studies that locate the hemisW as the main contributor to the 
partial volume effect on cortical areas (Baker et al., 2019). We observed 
that this correlation almost completely disappeared after applying 
voxel-wise PVC methods, especially for Braak III/IV and the Temporal 
Meta-ROI (R2=0.00). CSF signal also had a moderate effect on the 
quantification of FTP SUVR rates of change in target areas (R2>0.28), 
which is also in good agreement with observations from previous 
cross-sectional studies (López-González et al., 2022). Similar to hemisW, 
this effect was largely attenuated when applying PVC (R2<0.06). This 
pattern of findings was similar for all off-target ROIs, but the contribu-
tion of off-target regions other than hemisW and CSF to longitudinal 
outcome measurements was very low. Correlations between Braak areas 
and distant areas such as the putamen and pallidum were also observed, 
probably related with PVE from hemisW to these adjacent regions 
(López-González et al., 2022). Interestingly, these correlations were 
attenuated but persisted after PVC. This is a recurrent finding in previ-
ous cross-sectional studies (Baker et al., 2019; López-González et al., 
2022), where the authors hypothesized that these correlations might be 
related to the existence of biological or tracer-related contributions that 
cannot be fully removed with PVC. 

Aside from the benefits observed on reducing the correlations be-
tween target and off-target regions, PVC comes with side effects such as 

Table 1 
R-squared estimates with 95 % confidence intervals of the regression model 
between FTP SUVR rates of change of target and off-target ROIs. Statistically 
significantly (p < 0.05) lower R-squared estimates compared to those of ‘No 
PVC’ are highlighted in bold.   

Braak I/II Braak III/ 
IV 

Braak V/ 
VI 

Temporal Meta- 
ROI 

HemisW No 
PVC 

0.28 ±
0.13 

0.67 ±
0.09 

0.82 ±
0.04 

0.66 ± 0.09 

iY 0.09 ± 
0.07 

0.00 ± 
0.02 

0.08 ± 
0.06 

0.00 ± 0.01 

RBV 0.07 ± 
0.06 

0.00 ± 
0.01 

0.04 ± 
0.05 

0.00 ± 0.01 

Pallidum No 
PVC 

0.10 ±
0.10 

0.06 ±
0.06 

0.10 ±
0.08 

0.06 ± 0.06 

iY 0.01 ± 
0.03 

0.00 ± 
0.01 

0.00 ± 
0.02 

0.00 ± 0.01 

RBV 0.01 ± 
0.03 

0.00 ± 
0.01 

0.00 ± 
0.02 

0.00 ± 0.01 

Thalamus No 
PVC 

0.04 ±
0.08 

0.01 ±
0.03 

0.05 ±
0.05 

0.01 ± 0.03 

iY 0.02 ±
0.03 

0.00 ±
0.01 

0.03 ±
0.04 

0.00 ± 0.01 

RBV 0.01 ±
0.03 

0.00 ±
0.01 

0.02 ±
0.03 

0.00 ± 0.01 

CSF No 
PVC 

0.28 ±
0.10 

0.41 ±
0.11 

0.43 ±
0.11 

0.42 ± 0.11 

iY 0.04 ± 
0.05 

0.06 ± 
0.05 

0.02 ± 
0.04 

0.06 ± 0.05 

RBV 0.01 ± 
0.02 

0.00 ± 
0.01 

0.00 ± 
0.01 

0.00 ± 0.01 

ChPlex No 
PVC 

0.06 ±
0.05 

0.01 ±
0.02 

0.02 ±
0.03 

0.01 ± 0.02 

iY 0.01 ± 
0.02 

0.01 ±
0.03 

0.01 ±
0.02 

0.01 ± 0.02 

RBV 0.01 ± 
0.02 

0.01 ±
0.02 

0.01 ±
0.02 

0.01 ± 0.02 

Caudate No 
PVC 

0.02 ±
0.04 

0.00 ±
0.01 

0.01 ±
0.02 

0.00 ± 0.01 

iY 0.00 ±
0.03 

0.00 ±
0.01 

0.00 ±
0.01 

0.00 ± 0.01 

RBV 0.01 ±
0.03 

0.00 ±
0.02 

0.00 ±
0.01 

0.00 ± 0.02 

CerebW No 
PVC 

0.01 ±
0.02 

0.00 ±
0.02 

0.02 ±
0.03 

0.00 ± 0.02 

iY 0.00 ±
0.01 

0.00 ±
0.01 

0.01 ±
0.03 

0.00 ± 0.02 

RBV 0.00 ±
0.01 

0.00 ±
0.01 

0.00 ±
0.02 

0.00 ± 0.01 

Putamen No 
PVC 

0.07 ±
0.08 

0.13 ±
0.08 

0.19 ±
0.10 

0.13 ± 0.08 

iY 0.02 ± 
0.05 

0.06 ± 
0.05 

0.04 ± 
0.06 

0.06 ± 0.06 

RBV 0.03 ±
0.06 

0.07 ± 
0.06 

0.04 ± 
0.07 

0.07 ± 0.06  
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increased noise, that may partially dampen the beneficial effects of PVC 
techniques when measurement variability plays a role. This may be 
especially critical for AD studies, where experiments usually try to 
measure how tau accumulation rates differ between different groups of 
interest, sometimes using short time-spans (Costoya-Sánchez et al., 
2023; Yoon et al., 2022). To assess the possible benefits of PVC in these 
cases, we conducted complementary analyses assessing the effect of the 
PVC techniques on group-level analyses of FTP SUVR rates of change in 
the target regions between CU/CI and A-/A+ individuals, two common 
pairs of groups of study. For the CU/CI analysis, we observed a consis-
tently good performance of the RBV method, resulting in increased 
group differences in measured FTP SUVR rates of change across all 
cortical target regions and displaying the largest increases in effect size. 
Meltzer’s correction appeared to be the second best, slightly out-
performing the iY’s. The better performance of RBV compared to iY was 
particularly interesting, as both showed a similar ability to remove the 
correlation between off-target and target uptake. We hypothesize that 
RBV may provide a better noise handling, and thus a better group sep-
aration overall. Regarding the differences between iY and Meltzer’s, 
these may be due to a better performance of the Meltzer’s method in 
correcting the effects of atrophy between groups (Tabatabaei-Jafari 
et al., 2015). Overall, we can state that PVC generally showed a modest 
but still significant improvement (i.e. higher effect size) for assessing the 
differences in longitudinal FTP SUVR rates of change between the CU/CI 
groups. By contrast, our findings do not support a similar beneficial 
effect of PVC for improving detection of group differences in FTP SUVR 
rates of change between A- and A+ individuals. It is interesting to note 
that in this case, even the data without PVC already showed consider-
ably larger group differences compared to the CU vs CI comparison, and 
these large group differences were not further increased by PVC. The 

fact that the differences in longitudinal tau accumulation between the A- 
and A+ individuals are larger than between CU and CI individuals can 
be expected, since cognitive impairment in AD occurs mainly after A +
T+ is reached, while CU subjects may be A+ and accumulating tau prior 
to measurable effects on cognition. Thus, our results suggest that PVC 
may be more beneficial in scenarios where differences between groups 
are expected to be subtle. This might be due to the relatively large 
improvement in discrimination power that reducing spill-in effects to 
target regions has on groups with similar distributions. 

We also evaluated the effect of PVC on the correlations between 
baseline FTP SUVR measurements and prospective cortical volume and 
cognitive performance decline. Here, we found significant increases in 
correlation strength after PVC for some of the cortical target ROIs, 
specifically Braak III/IV and the Temporal Meta-ROIs. In both cases, 
RBV showed a slightly higher performance than the iY correction, 
although the differences were minor (<0.01 in R2). Meltzer’s correction 
only showed a significant improvement for these ROIs in the cognitive 
decline analysis, with a performance increase in between that of the iY 
and RBV corrections. 

To the best of our knowledge, ours is the first study systematically 
evaluating the role of off-target binding on longitudinal FTP-PET mea-
surements. In this regard, our study revealed a significant correlation 
between off-target and measured rates of change in tau accumulation. As 
for previous cross-sectional studies, the main contributors were the 
hemispheric white matter and, to a lesser extent, the CSF signal. Among 
the tested PVCs, voxel-wise corrections (especially the RBV) successfully 
removed most of this PVE effect, providing significant improvements on 
reducing the correlation between off-target uptake and measured rates 
of change estimations in tau accumulation. In a recent study (Schwarz 
et al., 2021), the authors compared a total of 415 different quantification 

Fig. 2. Group differences measured as Cohen’s d in regional FTP SUVR rate of change (mean ± 95 % confidence intervals) between CU and CI individuals. Error bars 
indicate the 95 % confidence interval for FTP SUVR rates of change. Asterisk indicates effect sizes (d) significantly larger than the ‘No PVC’ effect size at p < 0.05. A) 
Braak I/II. B) Braak III/IV. C) Braak V/VI. D) Temporal Meta-ROI. 
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pipelines, including variations on PVC methodology. While the multi-
parametric approach of the study makes it difficult to reach solid con-
clusions about the impact of PVC, the best performing pipelines 
consistently included 2-class voxel-based PVC. Here we observed that 
complex voxel-based approaches provided the best results, but a simple 
deconvolution PVC may provide similar results in some scenarios. 
However, in contrast with common assumptions, we observed a very 
limited benefit of applying PVC for tasks involving the measurement of 

group-level longitudinal differences, where the increase in noise and 
variability caused by the correction might deteriorate the effectivity of 
the analysis. These findings are particularly relevant for the estimations 
of sample sizes and analysis methodologies of longitudinal group studies 
and their statistical power. 

Regarding the limitations of this work, the most relevant is the lack 
of a ground-truth for the estimation of true rates of tau accumulation. 
Ours and other studies have associated higher effect sizes with a better 

Fig. 3. Group differences in regional FTP SUVR rate of change (mean ± 95 % confidence intervals) between A- and A+ individuals. Differences are expressed as 
effect size (Cohen’s d). Error bars indicate the 95 % confidence interval for FTP SUVR rates of change. No effect sizes were significantly larger than the ‘No PVC’ effect 
size. A) Braak I/II. B) Braak III/IV. C) Braak V/VI. D) Temporal Meta-ROI. 

Fig. 4. R-squared of the linear regression model between baseline FTP SUVR and cortical volume rate of change for the same ROI. Asterisk indicates a significantly 
larger R2 compared to that of ‘No PVC’ for p < 0.05. 
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measurement; however, this is based on an a priori assumption, and to 
what extent this increased effect size reflect an improvement in accuracy 
remains unknown. Previous cross-sectional studies analysing the effect 
of PVC in the correlation between ante-mortem image-based patholog-
ical loads with postmortem measures obtained at autopsy have shown 
no significant benefit from PVC (Minhas et al., 2018), but autopsy 
measurements reflect total, end-point accumulation, which may be 
poorly linked with the longitudinal rates of accumulation. To date, 
gold-standard for tau rates of accumulation is not available. On the other 
hand, previous cross-sectional studies (Minhas et al., 2018; Weigand 
et al., 2022) have suggested that the correlation between atrophy and 
PET signal might be artificially increased by the overestimation of 
radiotracer uptake caused by some PVC techniques. This perceived in-
crease in the statistical power of longitudinal quantification should 
therefore be further investigated to better assess the exact benefits of the 
use of PVC. Additionally, we have only included a limited set of PVC 
techniques. Future studies might benefit from the inclusion of a wider 
range of PVC techniques. Particularly, we expect that analytical tech-
niques that allow the inclusion of more off-target regions (hemisW, CSF) 
may perform similarly to what we observed with voxel-based correc-
tions (Gonzalez-Escamilla et al., 2017). Recently, deep learning methods 
applied to image analysis are giving birth to a new generation of PVC 
techniques (Matsubara et al., 2022). To what extent the exposed limi-
tations of PVC can be solved by these new approaches is a prospect for 
future studies. Moreover, we have limited our study to the ADNI cohort 
and only included PET scans pre-processed following ADNI’s level 4 
pipeline. A better characterization of different PVC techniques in lon-
gitudinal studies might benefit from the inclusion of a variety of cohorts, 
and since the specifics of the preprocessing pipeline might also affect 
FTP-PET quantification (Schwarz et al., 2021), comparisons of PVCs 
across more diverse sets of processing pipelines and cohorts may 
improve our understanding of the impact of PVC . Finally, the findings 
reported in this study are specific to FTP and cannot be easily extrapo-
lated to other tau PET radiotracers with different off-target uptake 
characteristics, for which similar studies should be carried out. 

5. Conclusions 

Quantification of longitudinal changes in cortical FTP-PET is heavily 
influenced by PVE from off-target regions, primarily from signal in the 
hemispheric white matter and the CSF. PVC methods proved to be 
effective in reducing this confounding effect. However, the use of PVC 
techniques showed very limited benefits in increasing statistical power 

when studying group-level differences in longitudinal FTP SUVR 
measurements. 
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