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ABSTRACT 

Purpose: Recent research has suggested the use of white matter (WM) reference 

regions for longitudinal tau-PET imaging. However, tau tracers display affinity for the β-

sheet structure formed by myelin, and thus WM lesions might influence tracer retention. 

Here, we explored whether the tau-sensitive tracer [18F]flortaucipir shows reduced 

retention in WM hyperintensities (WMH) and how this retention changes over time. 

Methods: We included 707 participants from the Alzheimer’s Disease Neuroimaging 

Initiative with available [18F]flortaucipir-PET and structural and FLAIR MRI scans. WM 

segments and WMH were automatically delineated in the structural MRI and FLAIR 

scans, respectively. [18F]flortaucipir standardized uptake value ratios (SUVR) of WMH 

and normal-appearing WM (NAWM) were calculated using the inferior cerebellar grey 

matter as reference region, and a 3-mm erosion was applied to the combined NAWM 

and WMH masks to avoid partial volume effects. Longitudinal [18F]flortaucipir SUVR 

changes in NAWM and WMH were estimated using linear mixed models. The percent 

variance of WM-referenced cortical [18F]flortaucipir SUVRs explained by longitudinal 

changes in the WM reference region was estimated with the R2 coefficient.    

Results: Compared to NAWM, WMH areas displayed significantly reduced 

[18F]flortaucipir SUVR, independent of cognitive impairment or Aβ status (mean 

difference=0.14 SUVR, p<0.001). Older age was associated with lower [18F]flortaucipir 

SUVR in both NAWM (-0.002 SUVR/y, p=0.005) and WMH (-0.004 SUVR/y, p<0.001). 

Longitudinally, [18F]flortaucipir SUVR decreased in NAWM (-0.008 SUVR/y, p=0.03) 

and even more so in WMH (-0.02 SUVR/y, p<0.001). Between 17% to 66% of the 

variance of longitudinal changes in cortical WM-referenced [18F]flortaucipir SUVRs was 

explained by longitudinal changes in the reference region.  

Conclusions: [18F]flortaucipir retention in the WM decreases over time and is 

influenced by the presence of WMH, supporting the hypothesis that [18F]flortaucipir 
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retention in the WM is partially myelin-dependent. These findings have implications for 

the use of WM reference regions for [18F]flortaucipir-PET imaging. 
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Introduction 

The advent of positron emission tomography (PET) imaging with tau-sensitive tracers 

has enabled the in vivo detection and quantification of tau neurofibrillary tangle (NFT) 

pathology [1-3], a pathological hallmark of Alzheimer’s disease (AD) [4]. Consistent 

with prior neuropathological studies [5], PET-measured NFT burden has been 

consistently found to be closely related to neurodegeneration and cognitive decline 

among individuals on the AD continuum [6-12]. Motivated by these results and the 

failure of several anti-amyloid-β (Aβ) drugs [13], tau has therefore been proposed as a 

promising therapeutic target in AD [14]. Moreover, recent studies have reported that 

serial tau PET imaging with [18F]flortaucipir (FTP) could be used to track changes in 

NFT burden [15-17], suggesting that longitudinal FTP PET might be useful for 

assessing the effectiveness of both Aβ- and tau-targeting treatments [18]. 

Despite significant progress in the field, several aspects of the quantification of 

longitudinal change in NFT burden using FTP PET remain to be investigated. Chief 

among them is the choice of reference region for deriving longitudinal standardized 

uptake value ratios (SUVR). The use of white matter (WM) reference regions has 

become popular among several research groups [6, 16, 19] given their improved 

stability and discriminative properties compared to traditional cerebellar reference 

regions [20]. However, FTP retention in the WM is poorly understood, and no prior 

studies have systematically investigated how WM abnormalities associate with 

advanced age or how potentially existing pathology might influence FTP retention in 

the WM. Therefore, and stability issues aside, it is unclear whether the use of WM 

reference regions is actually beneficial for a more accurate quantification of the cortical 

FTP PET signal of interest.  

A potential biological process that might influence FTP retention in the WM is myelin 

loss associated to age-related pathologic processes or even normal aging itself. Similar 

to Aβ tracers [21, 22], existing tau tracers base their specificity on the affinity for β-
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sheet structures adopted by fibrillary forms of the target proteins in AD [23]. This β-

sheet structure is, however, also displayed by other proteins such as the myelin basic 

protein, a major component of axons. Accumulating evidence now indicates that Aβ 

tracers show reduced retention in demyelinating WM lesions associated with multiple 

sclerosis [21, 22, 24-27] as well as in age-related WM hyperintensities (WMH) [28-30]. 

Therefore, it is plausible that, similar to Aβ tracers, FTP binding in the WM could also 

be influenced by such lesions, potentially confounding longitudinal FTP measures if 

these regions are used as reference.   

Under the premise that FTP binding in the WM may reflect myelin integrity, we 

hypothesize that 1) WMH regions, which are associated with severe myelin loss [31], 

would show reduced FTP retention compared to normal-appearing WM (NAWM), and 

2) FTP retention in the WM would decrease over time as a consequence of typical age-

related myelin loss [32]. Additionally, we explored potential sex-related differences in 

FTP retention in the WM as menopause has been previously suggested to be 

associated with a number of WM changes, including myelin loss [33, 34]. To test our 

hypotheses, we examined multimodal imaging data from more than 700 individuals 

enrolled in the Alzheimer’s Disease Neuroimaging Initiative who underwent T1-

weighted and fluid-attenuated inversion recovery (FLAIR) MRI and FTP PET imaging at 

multiple time points. As a secondary aim, we quantified the impact of using WM as the 

reference region in longitudinal measures of cortical FTP PET SUVR.   

 

Methods 

Study design 

Data used in the preparation of this article were obtained from the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI) database (http://adni.loni.usc.edu). The ADNI was 

launched in 2003 as a public-private partnership, led by Principal Investigator Michael 
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W. Weiner, MD. The primary goal of ADNI has been to test whether serial MRI, PET, 

other biological markers, and clinical and neuropsychological assessments can be 

combined to measure the progression of mild cognitive impairment (MCI) and early AD.  

In this study, we included all ADNI3 participants who were either cognitively normal 

(CN) or cognitively impaired (MCI and AD dementia) and had available FTP PET as 

well as T1-weighted and FLAIR MRI scans at the same study visit (n=707). The 

majority of the study participants also underwent Aβ PET imaging with either 

[18F]florbetapir or [18F]florbetaben within two years from the tau PET visit (n=693) and 

were categorized as Aβ± on the basis of previously established cut-points [35] (see 

http://adni.loni.usc.edu/data-samples/access-data/ for [18F]florbetaben cut-point 

derivation). Longitudinal FTP scans were acquired annually for up to 2.9 years from 

baseline. One or more longitudinal FTP scans were available in 206 participants over a 

mean follow-up period of 1.5 years. In this subset, and over the same follow-up period, 

197 subjects underwent at least one follow-up MRI scan. Demographic characteristics 

of study participants are summarized in Table 1.  

PET acquisition and pre-processing  

FTP PET scans were acquired 75 to 105 minutes after the injection of 370±37 MBq of 

FTP, using a dynamic protocol of 6×5 minutes. [18F]florbetapir and [18F]florbetaben PET 

scans were acquired 50 to 70 and 90 to 110 minutes post-injection of 370±37 MBq and 

300±30 MBq, respectively. Pre-processing steps for PET scanner harmonization in 

ADNI were identical for all tracers and have been described previously [36]. In short, 

individual PET frames were realigned, averaged, reoriented, resliced to a common grid, 

and smoothed to an isotropic resolution of 8 mm. Further details of PET acquisition 

protocols and pre-processing steps in ADNI can be found at 

http://adni.loni.usc.edu/methods/documents/. 

MRI acquisition and pre-processing 

http://adni.loni.usc.edu/data-samples/access-data/
http://adni.loni.usc.edu/methods/documents/
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MRI acquisition protocols in ADNI3 are described in detail elsewhere [37] and can be 

found in http://adni.loni.usc.edu/methods/documents/mri-protocols/. All subjects were 

examined on 3T scanners employing anatomical 3D T1-weighted accelerated MP-

RAGE or accelerated SPGR as well as 3D FLAIR sequences. No further pre-

processing steps were performed by the ADNI MRI core as MRI scanners in ADNI3 

perform online gradient unwarping and intensity normalization as part of the image 

reconstruction pipeline.  

Image analysis 

WM and WMH segmentation 

Structural T1-weighted MRI scans were segmented into grey matter (GM) and WM 

tissue probability maps and spatially registered to MNI standard space using Statistical 

Parametric Mapping 12 (SPM12; Wellcome Department of Imaging Neuroscience, 

Institute of Neurology, London, UK). Individual WM masks were obtained by 

thresholding the corresponding probability map at >0.5. The inverse of the deformation 

field from spatial registration was then used to propagate a cerebral mask from MNI 

space into each individual’s native space, and this mask was intersected with the 

previously derived WM mask to obtain a cerebral WM mask (i.e. excluding the 

brainstem and cerebellar WM).  

WMH masks were derived using the Lesion Growing Algorithm [38] implemented in the 

Lesion Segmentation Toolbox (LST, SPM12) (https://www.applied-

statistics.de/lst.html). Briefly, this pipeline combines information from the T1-derived 

tissue probability maps and the FLAIR images to create lesion belief maps that are 

iteratively grown by adding voxels that appear hyperintense, resulting in individual 

WMH probability maps in T1 space. The algorithm needs a tuning parameter (κ) to be 

specified, which was set to 0.25 as in previous studies using ADNI data [39, 40]. Binary 

WMH masks were created by retaining only voxels with probability=1 in the lesion 

http://adni.loni.usc.edu/methods/documents/mri-protocols/
https://www.applied-statistics.de/lst.html
https://www.applied-statistics.de/lst.html
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probability map [38]. Finally, we intersected the previous cerebral mask with the WMH 

mask to retain only cerebral WMH.  

FTP PET analysis 

To quantify FTP retention in cerebral WM, we performed the following steps: First, FTP 

scans (both baseline and, if available, follow-up) were coregistered to the 

corresponding baseline T1 MRI scan using SPM12. Second, we created standardized 

uptake value ratio (SUVR) images by dividing each voxel intensity by the mean signal 

in the inferior portion of the cerebellar grey matter [41]. For this, the reference signal 

was measured in the intersection between an individual’s GM mask (thresholded at 

0.5) and the inferior portion of the SUIT cerebellar atlas propagated to T1 MRI native 

space [42]. Third, we excluded small WMH clusters with fewer than 27 voxels (~27 

mm3, corresponding to a 3 mm isotropic voxel) from the analysis to avoid excessive 

contamination due to possible spill-in counts from surrounding NAWM [25]. Fourth, to 

avoid partial volume effects (PVE), we performed a 3 mm erosion in the combined WM 

and WMH mask so that all the voxels at distance <=3 mm from any non-WM structure 

were excluded. Furthermore, we also excluded thalamic WM given its known off-target 

binding properties in FTP PET [42]. Finally, we computed average SUVRs within this 

eroded cerebral WM mask in both WMH and NAWM (we define NAWM as the voxels 

in the eroded cerebral WM mask not labeled as WMH). In order to confirm that our 

findings were not driven by PVE, we recalculated the above-described measures using 

two-compartment PVE correction [43] and reran all associated analyses (see 

Supplementary Methods). Moreover, we measured longitudinal FTP SUVR in 

cerebellar WM, a region in which we did not observe WMH, to further investigate 

whether our longitudinal findings in NAWM were driven by the presence or the 

longitudinal progression of adjacent WMH.  

To perform voxelwise FTP analyses in the WM, we spatially normalized the FTP SUVR 

images using the deformation field derived from spatial registration of the T1 MRI scan, 
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applied an isotropic 6 mm smoothing filter, and masked the final image using a WM 

mask of the MNI space template. Although no erosion was performed on these data, 

we repeated these analyses using PVE correction to further confirm that the 

associations were not driven by PVE (see Supplementary Methods and Supplementary 

Figures 2 and 4).   

To study the impact of WM FTP retention changes on longitudinal cortical FTP SUVRs 

based on WM reference regions, we computed baseline and follow-up FTP SUVRs in a 

predefined AD-specific cortical composite Meta-ROI [44] comprising entorhinal, 

amygdala, parahippocampal, fusiform, inferior temporal and middle temporal cortical 

ROIs, using 1) an eroded hemispheric WM ROI as defined in ADNI as reference region 

[45], and 2) a data-driven WM reference region as defined by the PERSI method [20].  

Statistical analysis 

We assessed NAWM SUVR vs WMH SUVR differences using paired t-tests and 

reporting mean difference with 95% confidence intervals. Associations between WM 

FTP SUVR and age were tested both at the voxel- and ROI-level (NAWM and WMH) 

using linear correlation analysis (Pearson’s r). To understand whether total WMH 

volume influences the previous associations, we reran these analyses adjusting for 

total WMH volume. Further, we explored potential sex differences in FTP SUVR in the 

WM using age-adjusted linear regressions. In longitudinal analyses, we assessed WM 

FTP SUVR changes over time as well as time×sex and time×WMH annual change 

interactions using linear mixed models with subject-specific intercepts and slopes, both 

at the voxel level and in NAWM and WMH ROIs. Rates of annual change were 

computed using linear regressions. Associations between the annual rates of change 

of cortical Meta-ROI FTP SUVRs (using eroded WM as the reference region) and 

eroded WM FTP SUVRs (using the inferior cerebellar grey matter as the reference 

region) were estimated using linear regressions, and we computed the amount of 

variance of cortical Meta-ROI FTP SUVR change attributable to changes in the eroded 
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WM region as the R2 coefficient between these two measures. Results from cross-

sectional voxelwise analyses were assessed using a cluster-level significance 

threshold of pFWE<0.001, with an initial voxelwise height threshold of pFDR<0.001. In 

order to maintain a similar statistical power in the longitudinal analysis of the smaller 

subset of participants, the initial voxelwise height threshold was set to pFDR<0.05 for 

this analysis, with the same cluster-level significance threshold of pFWE <0.001 [46]. 

Results 

Reduced FTP retention in WMH compared to NAWM 

After the erosion procedure, 561 subjects demonstrated at least some areas of WMH. 

Compared to NAWM, WMH areas showed significantly reduced FTP SUVR (mean 

difference=0.14, [0.13 to 0.15], Figure 1A). This difference was still present when 

participants were stratified according to Aβ status and cognitive impairment (CU and 

CI) (Figure 1B), with mean differences varying from 0.12, [0.11 to 0.13] SUVR in Aβ- 

CU to 0.17, [0.16 to 0.18] SUVR in Aβ+ CI, as well as after performing PVE correction 

(Supplementary Figure 1). Illustrative examples of four study participants with high 

WMH burden displaying reduced FTP retention in these regions are depicted in Figure 

2.   

Reduced FTP retention in the WM with advancing age 

Voxelwise analyses on cross-sectional data demonstrated that FTP retention in the 

WM decreases with advancing age (Figure 3A). The spatial association pattern 

involved extensive areas of bilateral deep and periventricular WM, as well as the 

corpus callosum. These associations were still observed after PVE correction 

(Supplementary Figure 2A) and after adjusting for total WMH volume (Supplementary 

Figure 3). In cross-sectional ROI analyses, FTP SUVRs in both NAWM and WMH 

decreased with increasing age (Figure 3B). PVE correction yielded consistent results, 

although the association for NAWM was found to be on a statistical trend-level (b=-
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0.0012 SUVR/y, p=0.10) (Supplementary Figures 2B and 2C). Results remained 

largely unaltered after adjusting for WMH volume (NAWM: b=-0.002 SUVR/y, p=0.02; 

WMH: b=-0.003, p<0.001). 

Females show reduced FTP retention in the WM compared to males 

We now tested cross-sectional group-level differences in WM FTP SUVR between 

females and males. Voxelwise analyses revealed reduced FTP SUVR in female’s 

frontal WM compared to that of males, as well as reduced FTP SUVR in bilateral WM 

regions adjacent to the putamen and thalamus (Figure 4). Reduced FTP SUVR in the 

WM of females was also found for NAWM (-0.034 SUVR, p=0.002) and WMH (-0.030, 

p=0.008) regions.    

FTP retention in the WM decreases over time 

Linear mixed effects models on longitudinal data at the voxel level demonstrated that 

FTP retention in the WM decreased over time, involving extensive WM areas that 

resembled the cross-sectional spatial pattern observed with advancing age (Figure 5A). 

Association maps in the WM remained largely unchanged when applying PVE 

correction (Supplementary Figure 4A). Consistent findings were observed in 

longitudinal ROI-level analyses: WM FTP SUVRs significantly decreased over time for 

both NAWM and WMH, although this decrease appeared to be more pronounced for 

WMH (Figure 5B and 5C). These results were still significant after performing PVE 

correction (Supplementary Figures 4B and 4C). Furthermore, longitudinal FTP SUVR 

decreases were also observed in cerebellar WM (-0.004 SUVR/y, p=0.036), suggesting 

that the longitudinal changes observed in NAWM were not driven by the presence or 

progression of adjacent WMH. This was further confirmed by observing that, after 

adjustment for WMH volume change, voxelwise association patterns remained largely 

unchanged (Supplementary Figure 5). In line with these findings, ROI-level analyses 

demonstrated that the time×WMH change interaction term was not statistically 
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significant for NAWM (b=-0.0025 SUVR/cm3, p=0.22), while both interaction and time 

terms were statistically significant for WMH (binteraction=-0.005 SUVR/cm3, p=0.02; btime=-

0.016 SUVR/y, p<0.001), suggesting no influence of longitudinal WMH progression on 

longitudinal FTP SUVR in the WM. These results held up after applying two-

compartment PVE correction (NAWM: bint=-0.001 SUVR/cm3, p=0.65; WMH: bint=-

0.0002 SUVR/cm3, p=0.94). When fitting linear mixed models with a sex×time 

interaction term, no statistically significant sex differences in longitudinal FTP SUVR in 

the WM were found, both in voxelwise analyses (at pFDR<0.05) and in NAWM (0.01 

SUVR/y, p=0.08, males as reference) and WMH (0.01 SUVR/y, p=0.15) regions.   

FTP retention changes in the WM influence cortical FTP retention changes when 

using WM reference regions 

Cross-sectionally, higher WMH volumes were associated with lower FTP SUVR (using 

inferior cerebellar grey matter as the reference region) in both the ADNI and the PERSI 

WM reference regions (bADNI=-0.0012 SUVR/cm3, p=0.01 and bPERSI=-0.0008 

SUVR/cm3). Regressing annual changes in the temporal cortical Meta-ROI SUVR 

(using eroded WM as the reference region) on the ADNI WM reference region SUVR 

changes (using inferior cerebellar grey as the reference region), we observed that 57% 

of the variance in increases of cortical SUVR was explained by longitudinal decreases 

in the ADNI WM reference region (Figure 6A). When stratifying by cognitive status, 

variance in longitudinal changes in the Meta-ROI SUVR was also strongly explained by 

changes in the ADNI WM SUVR in both CU and CI individuals (43% for CU and 66% 

for CI, respectively, Figure 6B). Restricting analyses to Aβ+ subjects yielded similar 

findings (Figure 6C). Compared to the ADNI WM reference region, SUVR changes in 

the PERSI WM reference were less strongly associated with changes in the PERSI-

referenced cortical Meta-ROI SUVR, although these variations still explained a 

significant fraction of the observed variance (from 17% in Aβ+ CI to 36% in Aβ+ CU). 
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Discussion 

In this study, we investigated how WM lesions, assessed as WMH, and age influence 

FTP retention in the WM. Furthermore, we estimated how FTP retention in the WM 

changes over time and investigated how these longitudinal changes influenced 

longitudinal cortical FTP SUVRs when using a WM reference region. Our findings 

indicate that 1) FTP retention in WMH is lower than in NAWM, 2) advancing age is 

associated with lower FTP retention in WM, 3) FTP retention in the WM decreases over 

time, and 4) a significant fraction of the variance observed in longitudinal changes of 

WM-referenced cortical FTP measures can be attributed to WM signal decreases.  

Overall, these results reveal non-trivial pathologic and dynamic correlates of FTP 

retention in the WM and highlight potentially important shortcomings of using WM 

reference regions for longitudinal FTP PET imaging.  

Although FTP retention in the WM is poorly understood, the affinity of tau tracers for β-

sheet structures [23] led us to hypothesize that FTP retention in WM could partially be 

explained by FTP binding to the β-sheet structure exhibited by the myelin basic protein. 

Such a myelin mechanism was previously proposed to explain the high WM signal 

characteristic for Aβ tracers [21], which also display affinity for β-sheet structures, and 

this mechanism was subsequently supported by several studies using Aβ PET to 

assess demyelination in Multiple Sclerosis and animal models [21, 22, 24-26, 47]. 

Here, our findings of lower FTP retention in the WM associated to WMH and advancing 

age, as well as longitudinal decreases over time, are supportive of a similar myelin 

mechanism for explaining FTP binding in the WM: WMH areas typically reflect severe 

demyelination [31, 48] and generalized myelin loss occurs with aging [49, 50]. 

Interestingly, we also found that females showed reduced cross-sectional FTP 

retention in specific WM regions. Although the association pattern adjacent to the 

thalamus and putamen is likely be driven by PVE [51], we did find prominent decreases 

in bilateral WM regions of the frontal lobe that cannot be explained by these effects. 
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Though establishing the precise underlying mechanism lies beyond the scope of this 

study, we hypothesize that this result could be driven by menopause-related 

demyelination, as proposed by several previous reports [33, 34]. This hypothesis is 

further supported by the regionality of our findings, as menopausal hormone therapy 

has been found to be specifically associated with lower rates of atrophy in the frontal 

lobe [52, 53]. Overall, these results contribute to a better understanding of the 

pathologic and dynamic correlates of FTP retention in the WM and further suggests a 

potential utility of FTP imaging in demyelinating diseases, although at this point further 

dedicated studies are needed to systematically investigate this scenario.  

The findings of this study have clear implications for the use of WM reference regions 

in longitudinal FTP PET imaging. Ideally, an effective reference region for longitudinal 

PET imaging should not show any specific binding and a relatively stable reference-to-

target nonspecific binding ratio over the study duration [54]. According to our study 

results this does not seem to be the case for WM reference regions in FTP imaging: 

WMH, which are common in both normal aging [48, 55] and AD [56, 57], significantly 

influenced FTP retention. Among elderly subjects, significant longitudinal increases in 

WMH burden over typical time frames for clinical trials (1-2 years) have been 

demonstrated  [58]. Given the significantly lower FTP retention in WMH areas, these 

increases in WMH burden might be erroneously interpreted as increases in cortical tau 

load if WM reference regions are used for calculation of cortical FTP SUVR. Similarly, 

recent evidence now indicates links between WMH and Aβ pathology [39, 46, 59], 

highlighting the confounding potential of WMH in AD. Interestingly, we also observed 

age-related and longitudinal FTP retention decreases in NAWM, suggesting that other 

mechanisms such as age-related myelin loss could play a non-negligible role in 

explaining FTP retention in WM. In longitudinal regression analyses we estimated that 

between 44% to 66% of the variance observed in cortical FTP SUVR increases were 

explained by longitudinal signal decreases in the ADNI WM reference region. Similarly, 
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but less pronounced, longitudinal FTP SUVR changes in the PERSI reference region 

accounted for 17% to 36% of the observed variance. The strength of these correlations 

suggests that even small FTP retention changes in the WM reference region might 

have a very relevant impact in longitudinal WM-referenced cortical FTP measurements. 

Together, these results highlight potential shortcomings in the use of WM reference 

regions for longitudinal FTP imaging that may reduce clinical trial efficiency and 

increase costs.  

Though studying the impact of WM pathology on the derivation of the PERSI reference 

region lies beyond the scope of this study, we believe that our results have interesting 

implications for the aforementioned method. The PERSI method assumes that the WM 

signal can be decomposed in two gaussian components, one describing spill-in counts 

from the WM and the second describing “pure” WM signal [20]. However, the approach 

is agnostic to the fact that a significant fraction of WM voxels can show reduced FTP 

retention due to WM pathology, and thus the distribution of WM intensities might no 

longer be accurately modelled with two gaussian components. As a result, the PERSI 

reference region might include either a significant fraction of voxels affected by spill-in 

counts or influenced by WM pathology, potentially reducing the benefits of the method. 

On the other hand, in subjects with low cortical signal, PERSI might result in 

unexpected benefits. Since these subjects do not show the “spill-in” peak, the second 

peak of the PERSI method will describe the low-intensity distribution associated to WM 

pathology and therefore the method will automatically remove these particularly 

problematic voxels. These findings expose the need for future dedicated studies 

evaluating in detail the impact of WM pathology in the derivation of data-driven WM 

reference regions.   

WMH are usually distributed along periventricular areas [57], and therefore FTP 

SUVRs in WMHs might be affected by PVE with low intensity CSF signal. To avoid this 

problem, we performed a 3 mm erosion procedure, which was also used in a previous 
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study with an Aβ PET tracer [29], which found an average difference of 0.14 SUVR 

units between NAWM and WMH. This difference is unlikely to be driven by potential 

residual PVE due to WMH spill-out to CSF since our findings remained unchanged 

after correcting for these PVE. It is also unlikely that the observed difference is driven 

by potential residual spill-in counts in NAWM coming from high-intensity cortical GM 

signal of subjects with elevated tau burden since this difference was also observed 

among Aβ- subjects (Figure 1B), in which elevated cortical tau burden is very rare [60]. 

Recent FTP studies demonstrated that the basal ganglia show significant age-related 

off-target binding [51, 61], which might have influenced our observation of age-

dependent FTP retention in WM. However, this off-target binding increased with age 

[61] and therefore cannot explain our observed age-related decrease in FTP retention 

in the WM. Together, these observations strongly suggest that our findings reflect 

biological effects rather than technical limitations of FTP PET imaging.  

The present study has several strengths and limitations. We analysed a large and well 

characterized cohort of elderly subjects spanning the entire AD continuum with 

multimodal PET and MRI scans. This cohort can be considered a good proxy of a 

clinical trial cohort and therefore our findings might have direct implications for clinical 

trials using FTP PET as outcome measure. Another strength is the longitudinal design 

of the study, which allowed us to confirm some of the observed cross-sectional 

associations. A limitation of our study is that the ADNI is a highly preselected cohort 

that only includes subjects with relatively low vascular pathology. Given the direct links 

between WM pathology and FTP retention, it is unclear whether the size of the effects 

observed in this study would remain similar among subjects with higher vascular 

burden. Furthermore, given that MRI is only performed every two years in ADNI3, we 

did not yet have sufficient FLAIR MRI follow-up data to study how longitudinal WMH 

accumulation might influence longitudinal FTP retention in the WM and in WM-

normalized cortical FTP measures. 
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In conclusion, we have demonstrated that WM pathology and advancing age influence 

FTP retention in the WM, and further showed that this retention changes over a mean 

follow-up of 1.5 years. These findings are consistent with the hypothesis that FTP 

signal in the WM could be at least partially due to binding to the myelin basic protein, 

highlighting the potential of FTP imaging in demyelinating diseases. Dynamic changes 

of FTP retention in the WM, which are exacerbated by common age-related WM 

pathologies such as WMH, argue against the use of WM reference regions for 

longitudinal FTP PET imaging. Future studies are warranted to explore whether 

second-generation tau tracers show similar WM retention properties.  
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Figure captions 

Fig. 1 Subject-specific difference between NAWM and WMH [18F]flortaucipir SUVR for 

A) the whole sample, and B) subjects stratified by Aβ pathology and cognitive 

impairment. Abbreviations: NAWM: Normal-appearing white matter (eroded); WMH: 

White matter hyperintensity (eroded); SUVR: Standardized uptake value ratio; Aβ: 

Amyloid β. 

*p<0.001. 

Fig. 2 Representative FLAIR MRI and [18F]flortaucipir PET images of four study 

participants showing reduced [18F]flortaucipir retention in WMH compared to NAWM. A) 

80-year-old participant with MCI, NAWM SUVR=1.27, WMH SUVR=1.03; B) 83-year-

old participant with MCI, NAWM SUVR=1.12, WMH SUVR=0.88; C) 87-year-old 

participant with AD dementia, NAWM SUVR=0.94, WMH SUVR=0.74; D) 82-year-old 

participant with AD dementia, NAWM SUVR=1.06, WMH SUVR=0.85. Abbreviations: 

NAWM: Normal-appearing white matter (eroded); WMH: White matter hyperintensity 

(eroded); SUVR: Standardized uptake value ratio; Aβ: Amyloid-β. 

Fig. 3 A) Voxelwise analysis assessing the cross-sectional negative correlation 

between [18F]flortaucipir SUVR in WM and age. Statistical maps were thresholded 

using a voxel-level pFDR<0.001 threshold and a cluster-level pFWE<0.001 threshold. B) 

Association between [18F]flortaucipir SUVR in NAWM and age. C) Association between 

[18F]flortaucipir SUVR in WMH and age. These results remained largely unchanged 

when applying two-compartment PVE correction (Supplementary Figure 2). 

Abbreviations: SUVR: Standardized uptake value ratio; WM: White matter; NAWM: 

Normal-appearing white matter (eroded); WMH: White matter hyperintensity (eroded). 

Fig. 4 Exploratory voxelwise analysis assessing cross-sectional mean [18F]flortaucipir 

SUVR differences between females and males, adjusted for age. Statistical maps in 

this exploratory analysis were thresholded using a more lenient threshold of pFDR<0.05.  
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Fig. 5 A) Voxelwise analysis assessing WM areas in which [18F]flortaucipir SUVR 

significantly decreased over time. Statistical maps were thresholded using a voxel-level 

pFDR<0.001 threshold and a cluster-level pFWE<0.001 threshold. B) Spaghetti plot 

showing the [18F]flortaucipir SUVR trajectories in NAWM and WMH as a function of 

age. C) Average longitudinal trajectories for NAWM and WMH [18F]flortaucipir SUVR as 

estimated by linear mixed model analysis. These results remained statistically 

significant after applying two-compartment PVE correction (Supplementary Figure 4).  

Abbreviations: SUVR: Standardized uptake value ratio; WM: White matter; NAWM: 

Normal-appearing white matter (eroded); WMH: White matter hyperintensity (eroded). 

Fig. 6 Correlations of [18F]flortaucipir SUVR annual change (computed using the 

inferior cerebellar cortex as the reference region) in the ADNI (A-C) and the PERSI (D-

F) WM reference regions with [18F]flortaucipir SUVR annual change (computed using 

the ADNI or the PERSI WM reference regions) in the AD cortical Meta-ROI. Analyses 

were presented for the whole sample (A and D), stratified by cognitive impairment (B 

and E), and stratified by cognitive impairment in Aβ+ individuals (C and F). Linear 

regression equations were reported in the same units as the those used in the plots. 

Abbreviations: SUVR: Standardized uptake value ratio; WM: White matter; AD: 

Alzheimer’s disease; Aβ: Amyloid-β. 
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TABLES 

Table 1 Cohort characteristics. Age and [18F]flortaucipir SUVR measures are reported 

as mean (SD). WMH volume is reported as median (range). Abbreviations: CU: 

Cognitively unimpaired; CI: Cognitively impaired; MCI: Mild cognitive impairment; AD: 

Alzheimer’s disease; Aβ: Amyloid-β; NAWM: Normal-appearing white matter; WMH: 

White matter hyperintensity; SUVR: Standardized uptake value ratio. 

 CU CI 

Baseline characteristics   

N 404 303 

Age, years 73.0 (7.0) 75.2 (8.1) 

Sex, M/F 162/242 172/131 

MCI/AD  226/77 

Aβ-positive, n (%) 134 (34) 

(missing=5) 

168 (57) 

(missing=9) 

NAWM SUVR 1.14 (0.12) 1.17 (0.14) 

WMH SUVR 1.01 (0.14) 1.01 (0.14) 

WMH volume (cm3) 1.9 (0.0 to 52.5) 4.0 (0.0 to 139.3) 

 

 

 

 


