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Abstract

Purpose: The pattern of flortaucipir tau PET uptake is topographically similar to the pattern 

of magnetic susceptibility in progressive supranuclear palsy (PSP); both with increased signal in 

subcortical structures such as the basal ganglia and midbrain, suggesting that they may be closely 

related. However, their relationship remains unknown since no studies have directly compared 

these two modalities in the same PSP cohort. We hypothesized that some flortaucipir uptake in 

PSP is associated with magnetic susceptibility, and hence iron deposition. The aim of this study 

was to evaluate the regional relationship between flortaucipir uptake and magnetic susceptibility 

and to examine the effects of susceptibility on flortaucipir uptake in PSP.

Methods: Fifty PSP patients and 67 cognitively normal controls were prospectively recruited and 

underwent three Tesla MRI and flortaucipir tau PET scans. Quantitative susceptibility maps were 

reconstructed from multi-echo gradient-echo MRI images. Region of interest (ROI) analysis was 

performed to obtain flortaucipir and susceptibility values in the subcortical regions. Relationships 

between flortaucipir and susceptibility signals were evaluated using partial correlation analysis in 

the subcortical ROIs and voxel-based analysis in the whole brain. The effects of susceptibility on 

flortaucipir uptake were examined by using the framework of mediation analysis.
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Results: Both flortaucipir and susceptibility were greater in PSP compared to controls in the 

putamen, pallidum, subthalamic nucleus, red nucleus, and cerebellar dentate (p<0.05). The ROI-

based and voxel-based analyses showed that these two signals were positively correlated in these 

five regions (r = 0.36–0.59, p<0.05). Mediation analysis showed that greater flortaucipir uptake 

was partially explained by susceptibility in the putamen, pallidum, subthalamic nucleus, and red 

nucleus, and fully explained in the cerebellar dentate.

Conclusions: These results suggest that some of the flortaucipir uptake in subcortical regions 

in PSP is related to iron deposition. These findings will contribute to our understanding of the 

mechanisms underlying flortaucipir tau PET findings in PSP and other neurodegenerative diseases.
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1. Introduction

Flortaucipir was the first tau PET tracer to receive FDA approval for the assessment of tau 

deposition in Alzheimer’s disease (AD) (Mattay et al., 2020). This tracer was originally 

developed and optimized for the assessment of AD tau, but it has also been widely used to 

study other tauopathies such as progressive supranuclear palsy (PSP) (Jin et al., 2023). PSP 

is one of the 4 repeat (4R) tauopathies characterized by oculomotor dysfunction, postural 

instability, akinesia, and cognitive dysfunction (Hauw et al., 1994; Hoglinger et al., 2017). 

Many PSP studies have found abnormal flortaucipir uptake in subcortical structures such 

as the basal ganglia and midbrain (Cho et al., 2017; Passamonti et al., 2017; Smith et al., 

2017; Whitwell et al., 2017b), which is generally consistent with the expected distribution 

of PSP tau pathology (Kovacs et al., 2020; Williams et al., 2007). Some studies also showed 

that flortaucipir PET successfully differentiated PSP from AD (Passamonti et al., 2017; 

Whitwell et al., 2017b) and Parkinson’s disease (Cho et al., 2017), suggesting that it could 

be a supportive biomarker for PSP (Whitwell et al., 2017a).

However, it is not yet fully understood whether the flortaucipir uptake in each subcortical 

region truly reflects 4R tau or falsely binds to other off-target compounds. This is because 

many postmortem studies have consistently shown little to no binding of flortaucipir to 4R 

tau in PSP (Lowe et al., 2016; Marquie et al., 2017). In addition, the subcortical structures 

largely coincide with regions of abundant iron and monoamine oxidase, which may cause 

off-target binding of flortaucipir (Lowe et al., 2016; Vermeiren et al., 2018). Indeed, a few 

studies have shown that flortaucipir signals and iron-related MRI signals in the basal ganglia 

are positively associated in cognitively normal subjects and AD patients (Choi et al., 2018; 

Cogswell et al., 2021), although to our knowledge, similar papers are not available for PSP 

(Cogswell and Fan, 2023). Further studies are needed to better understand the underlying 

mechanisms of subcortical flortaucipir uptake in PSP.

Quantitative susceptibility mapping (QSM) is an advanced MRI technique that estimates 

the distribution of magnetic susceptibility in vivo (Wang and Liu, 2015). QSM is strongly 

associated with iron concentration in subcortical regions (Langkammer et al., 2012), and 

therefore many studies have utilized QSM to evaluate abnormal iron deposition in PSP 
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(Ito et al., 2017; Sjostrom et al., 2017, 2019). Patterns of increased magnetic susceptibility 

appear to be topographically similar to patterns of flortaucipir uptake in PSP; both are 

increased in subcortical areas such as the basal ganglia, midbrain, and cerebellar dentate, 

suggesting that these two signals are closely related. However, to our knowledge, no studies 

have directly compared these two modalities in the same PSP cohort.

To better understand the underlying mechanisms of subcortical flortaucipir uptake, we 

directly compared flortaucipir PET and QSM in the same PSP cohort and then examined the 

effects of susceptibility on flortaucipir uptake in PSP. We hypothesized that some subcortical 

flortaucipir uptake is associated with increased magnetic susceptibility in PSP.

2. Methods

2.1. Participants

Fifty-three patients diagnosed with PSP based on consensus criteria (Hoglinger et 

al., 2017) were prospectively recruited from May 2018 to February 2023 by the 

Neurodegenerative Research Group (NRG), Mayo Clinic, Rochester, Minnesota. All patients 

underwent detailed neurological tests including the Montreal Cognitive Assessment (MoCA) 

(Nasreddine et al., 2005), the Movement Disorders Society sponsored revision of the Unified 

Parkinson’s Disease Rating Scale part III (MDS-UPDRS III) (Goetz et al., 2008), the PSP 

rating scale (Golbe and Ohman-Strickland, 2007), and the PSP Saccadic Impairment Scale 

(PSIS) (Whitwell et al., 2011), as well as an 18F-flortaucipir PET scan and a 3 Tesla 

MRI scan with a multi-echo gradient echo sequence. Magnetic Resonance Parkinsonism 

Index (MRPI) (Quattrone et al., 2008) was measured from 3D T1-weighted MR images 

using ITK-SNAP software as previously described (Grijalva et al., 2022). Three patients 

were excluded because they had intracranial hemorrhages on QSM images, leaving 50 

PSP patients. All 50 patients were given a PSP syndromic diagnosis according to the 

MDS-PSP diagnostic criteria (Grimm et al., 2019; Hoglinger et al., 2017), as previously 

described in detail (Grijalva et al., 2022). Of the 50 PSP patients, 19 were diagnosed 

with PSP-Richardson syndrome, ten with PSP-Parkinsonism, seven with PSP-progressive 

gait freezing, five with PSP-postural instability, four with PSP-corticobasal syndrome, two 

with PSP-speech/language, and one with PSP-frontal (Hoglinger et al., 2017). A further 

two patients had clinical features of PSP plus prominent upper motor neuron signs such 

as spasticity, hyperreflexia, clonus and Babinski sign (Grijalva et al., 2022; Josephs et al., 

2006) and were diagnosed with PSP-corticospinal. Sixty-seven cognitively normal subjects 

who did not have any complaints of cognitive, motor, or behavioral abnormalities and 

had a score of ≥23 on the MoCA test (Carson et al., 2018) and 0 on the Hoehn and 

Yahr (Hoehn and Yahr, 1967) were also recruited by NRG over the same time period, 

and underwent flortaucipir PET and MRI scans with the same protocols. We included all 

recruited cognitively normal subjects to provide the most power to evaluate relationships 

between flortaucipir and susceptibility. This study was approved by the Mayo Clinic 

Institutional Review Board (IRB#: 15-004618), and informed consent was obtained from 

all participants.
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2.2. MRI and PET analysis

All patients underwent a standardized MRI protocol on a 3.0 Tesla scanner (Magnetom 

Prisma, Siemens Healthineers), including a 3D magnetization prepared rapid acquisition 

gradient echo (MPRAGE) sequence and a 3D multi-echo gradient echo sequence, as 

described in previous papers (Satoh et al., 2023a; Singh et al., 2022). The scan parameters of 

the gradient echo sequence were repetition time of 28.0 ms, echo times of 6.7 ms, 10.6 ms, 

14.5 ms, 18.4 ms, and 22.4 ms, flip angle of 15°, 20 cm field of view, in-plane acquisition 

matrix of 384×269, slice number of 88, slice thickness of 1.8 mm, and parallel imaging 

acceleration factor of 2.0.

The MRI and following PET images were processed on the high-performance computing 

environment (mForge) hosted by the National Center for Supercomputing Applications 

using NRG in-house developed pipelines (RS). The T1-weighted images from the MPRAGE 

scan were segmented into gray and white matter using templates and settings from the 

Mayo Clinic Adult Lifespan Template (MCALT: https://www.nitrc.org/projects/mcalt/). 

Brain atlases for subcortical regions of interests (ROIs) were nonlinearly registered 

from the MCALT space to each subject space using ANTs. The gradient-echo images 

were used to calculate binary brain masks by thresholding magnitude images and 

then to reconstruct QSM images by using the STI suite (https://people.eecs.berkeley.edu/

~chunlei.liu/software.html) (Li et al., 2015; Wu et al., 2012). QSM reconstruction process 

includes a Laplacian-based phase unwrapping (Schofield and Zhu, 2003), variable-kernel 

sophisticated harmonic artifact reduction for phase data method (Wu et al., 2012) for 

background field removal, and iterative least squares decomposition method (Li et al., 

2015) for dipole inversion. The first-echo gradient-echo magnitude images were rigidly 

registered to the T1-weighted images, and then the obtained affine parameters were applied 

to brain masks and QSM images to apply the atlases for QSM images. Statistical Parametric 

Mapping (SPM12) was used for this rigid registration process. We performed a visual 

assessment and confirmed that the atlases were appropriately registered to the QSM images 

in all subjects. Tissue masks were created by multiplying the registered brain masks to the 

summed masks of gray and white matters. For voxel-based analysis, QSM images were 

spatially normalized into template space (MCALT space) using SPM12 after multiplying the 

tissue masks to exclude CSF signals and then smoothed by using a Gaussian kernel with 

6-mm full-width at half maximum (FWHM). Tissue masks were also spatially normalized.

All flortaucipir PET scans were acquired on one of three PET/CT scanners, GE Discovery 

690XT, GE Discovery MI, and Siemens Biograph64 Vision 600. For all PET/CT scans, a 20 

min PET acquisition was performed 80 min after the injection with approximately 370MBq 

of [18F] flortaucipir. The 20 min acquisition consisted of four 5-min dynamic scans. The 

PET images were reconstructed on-scanner using iterative algorithms (OSEM) with standard 

corrections and a 5 mm Gaussian post-reconstruction filter (Schwarz et al., 2022). The 

four-frame PET images were averaged after realignment and then rigidly registered to 

T1-weighted images to apply the brain atlases to the PET images. We performed a visual 

assessment and confirmed that the atlases were appropriately registered to the PET images 

in all subjects. The median values in the gray matter cerebellar crus were used to calculate 

standardized uptake value ratio (SUVR) images. For voxel-based analysis, SUVR images 
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were spatially normalized into template space using SPM12 and then smoothed using a 

Gaussian kernel with 6-mm FWHM.

The SUVRs and susceptibility values were obtained in seven subcortical ROIs in each 

subject space. The ROIs included the caudate, putamen, pallidum, subthalamic nucleus, 

substantia nigra, red nucleus, and cerebellar dentate. Note that the thalamus was not 

included because this region contains relatively many diamagnetic susceptibility sources 

such as myelin and calcium, as well as iron (Kumar et al., 2021). The midbrain was also 

not included because this region contains multiple sources of susceptibility; instead, the red 

nucleus and substantia nigra, which are part of the midbrain and have iron as a primary 

susceptibility source (Sun et al., 2015), were included. In each ROI, the mean values in the 

summed regions of gray and white matter masks were calculated on the left and right sides, 

respectively, and then both values were averaged. The MCALT atlas (Schwarz et al., 2017) 

was used for caudate, putamen, and pallidum ROIs; the Deep Brain Stimulation Intrinsic 

Template atlas (Ewert et al., 2018) was used for subthalamic nucleus, substantia nigra, and 

red nucleus ROIs; and an in-house developed atlas (Whitwell et al., 2017b) was used for the 

cerebellar dentate ROI. The positions of these subcortical ROIs are shown in Supplementary 

Fig. 1.

2.3. Statistical analysis

First, to assess patterns of abnormalities in these two modalities, SUVR and susceptibility 

were compared between PSP and control groups, respectively, by performing linear 

regression with age and sex as covariates (SUVR or susceptibility ~ group + age + sex) 

in the subcortical ROIs. The p-values obtained from the linear regression were adjusted 

using a false discovery rate (FDR) correction (Benjamini and Hochberg, 1995) to correct for 

the multiple comparisons of the seven ROIs.

The relationships between SUVR and susceptibility were then evaluated by using 

Spearman’s partial correlation analysis adjusted for age and sex in the subcortical ROIs. 

This correlation analysis was performed separately for each group (PSP or control). The 

p-values from the correlation analysis were again adjusted by FDR correction (Benjamini 

and Hochberg, 1995). This regional correlation analysis was also performed after a two-

compartment partial volume correction for PET images (Meltzer et al., 1999) and after using 

a whole-brain reference region for QSM images (Bilgic et al., 2023) for comparison. The 

analysis was also performed within each PSP clinical variant.

Voxel-based regression analysis was also performed for the whole brain in the template 

space to complement the ROI-based analysis. We used VoxelStats (Mathotaarachchi et al., 

2016) which fits a linear regression in each voxel to evaluate the association between two 

modalities. Age and sex were adjusted for in this analysis (SUVR ~ susceptibility + age + 

sex). The analyzed regions were confined in the area where the averaged tissue masks of 

all subjects exceeded 0.95. Surviving regions were shown after applying the Random Field 

Theory (RFT)-based multiple comparison correction to the results (Mathotaarachchi et al., 

2016).
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Finally, the effects of susceptibility signals on flortaucipir uptake were examined by using 

the framework of mediation analysis. In this analysis, we hypothesized that the increased 

flortaucipir uptake in PSP was partially or fully explained by magnetic susceptibility based 

on the previous studies (Choi et al., 2018; Lowe et al., 2016). Therefore, the mediation 

model (Fig. 1) included flortaucipir SUVR as the dependent variable (outcome), magnetic 

susceptibility as the mediator, and diagnosis group (zero for control or one for PSP) as the 

independent variable. Based on this model, the coefficients for total effects (cT, group effects 

on SUVR without mediator), direct effects (cD, group effects on SUVR when susceptibility 

is considered), and indirect effects (cI = cT − cD) were calculated using linear regression and 

mediation packages (Tingley et al., 2014) from R software (version 4.1.2). Age and sex were 

adjusted for in each linear regression. The 95 % confidence intervals for all coefficients were 

obtained by bootstrapping (1000 samples).

Demographic and clinical outcomes were compared between PSP and control groups 

by using a Fisher’s exact test for categorical values and a Wilcoxon rank sum test for 

continuous values. Mediation analysis was performed by using R software, and all other 

statistical analyses were performed by using the MATLAB 2022a and its Statistics and 

Machine Learning Toolbox.

3. Results

The characteristics of the participants are shown in Table 1. There were no significant 

differences in sex between PSP and controls. However, years of education were lower 

(p<0.01), age was higher (p<0.001), and MoCA was lower (p<0.001) in PSP compared to 

controls.

Fig. 2 shows comparisons between PSP and controls in SUVR (Fig. 2a) and susceptibility 

(Fig. 2b). Both modalities showed similar patterns, with both showing greater signal in PSP 

(p<0.05) in the putamen, pallidum, subthalamic nucleus, red nucleus, and cerebellar dentate. 

However, in the caudate and substantia nigra, susceptibility was greater in PSP (p<0.01) than 

controls, while no difference was observed in SUVR.

Fig. 3 shows the relationships between magnetic susceptibility and flortaucipir uptake in 

the seven subcortical regions. Positive correlations were observed in PSP in the putamen, 

pallidum, subthalamic nucleus, red nucleus, and cerebellar dentate (all p<0.05). The 

pallidum was the only region that showed a correlation between magnetic susceptibility 

and flortaucipir uptake in controls. There were no significant correlations in both groups in 

the caudate and substantia nigra. The results were generally unchanged after partial volume 

correction for PET images (Supplementary Table 1) or after using the reference region 

for QSM images (Supplementary Table 2). No significant correlations were found between 

susceptibility and flortaucipir uptake within each PSP clinical variant (Supplementary Fig. 

2).

Fig 4 shows the voxel-based relationships between flortaucipir and susceptibility. The results 

of the voxel-based analysis were consistent with the ROI-based analysis. As shown in 

Fig. 4a, positive associations were observed in the caudate, putamen, pallidum, thalamus, 
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subthalamic nucleus, and red nucleus in the PSP group. In addition, there were also positive 

associations in the bilateral frontal white matter and right fusiform region. As shown in 

Fig. 4b, there were positive associations in the caudate and pallidum in the control group. 

Negative associations were found only in two clusters around the lateral ventricle in PSP and 

one cluster in the left frontal lobe in controls (Supplementary Fig. 3).

Table 2 shows the results of the mediation analysis in the five subcortical regions (putamen, 

pallidum, subthalamic nucleus, red nucleus, and cerebellar dentate) where flortaucipir 

uptake was significantly greater in PSP than in controls. Direct effects were positive and 

significant in the putamen, pallidum, subthalamic nucleus, and red nucleus, but were not 

significant in the cerebellar dentate. Indirect effects were positive and significant in all five 

regions.

4. Discussion

In this study, we directly compared subcortical flortaucipir uptake and magnetic 

susceptibility in the same PSP cohort. Both flortaucipir and magnetic susceptibility had 

greater signal in PSP compared to controls in most subcortical regions (putamen, pallidum, 

subthalamic nucleus, red nucleus, and cerebellar dentate), while only magnetic susceptibility 

had greater signal in the caudate and substantia nigra. These results are generally consistent 

with previous PSP studies using flortaucipir PET (Cho et al., 2017; Passamonti et al., 2017; 

Whitwell et al., 2017b) or QSM (Ito et al., 2017; Sjostrom et al., 2017, 2019), respectively, 

with our study providing further validity with the same analysis techniques. Beyond validity, 

we directly compared the two modalities and show that they were positively correlated in 

most subcortical regions in PSP. Mediation analysis also revealed that greater flortaucipir 

uptake in PSP was partially or fully explained by magnetic susceptibility. Since QSM signals 

are associated with iron concentration in subcortical regions (Langkammer et al., 2012), 

these results suggest that some flortaucipir uptake is related to iron in PSP.

There are several possible explanations for the positive association between flortaucipir 

and susceptibility, including off-target binding to iron or iron-related proteins (e.g., ferritin) 

(Choi et al., 2018; Lowe et al., 2016) or possible coexistence of tau and iron (Pérez 

et al., 1998; Rao and Adlard, 2018), although this study cannot address the cause of 

this association. The control group had a positive association in the pallidum, and this 

result was consistent with one previous study (Choi et al., 2018). Given that cognitively 

and motorically normal subjects should not have iron-related tau deposition, this positive 

association in the pallidum may reflect direct or indirect off-target binding to iron, at 

least in controls. The PSP group had positive associations in more regions (five regions) 

than controls (one region), suggesting additional causes (e.g., coexistence of tau and 

iron) or simply reflecting wider inter-subject variabilities of susceptibility and flortaucipir 

uptake in PSP compared to the control group. The voxel-based analysis supported our 

regional analysis and additionally revealed a positive association in bilateral frontal white 

matter. Reduced integrity of the white matter in this region of the frontal lobe has been 

observed on diffusion tensor imaging in PSP (Whitwell et al., 2014). This suggests that the 

increased susceptibility may reflect a reduction in diamagnetic myelin due to white matter 

degeneration, and that this degeneration is related to tau deposition in PSP, while we should 
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be cautious about the interpretation of white matter susceptibility because of its tensorial 

nature (Li et al., 2012). Further histological and autoradiography studies may help better 

understanding of these positive associations.

The correlation coefficient between flortaucipir uptake and susceptibility was highest in the 

red nucleus. One of the possible explanations is that this strong correlation comes from 

the highest inter-subject variabilities of susceptibility and flortaucipir in this region, which 

may reflect the diverse clinical variants in our PSP cohort. Recent QSM studies suggest that 

the red nucleus susceptibility is the prominent biomarker to discriminate different clinical 

variants of PSP, with the highest susceptibility in PSP-RS and PSP-P (Satoh et al., 2023b). 

Our tau PET study also suggests that flortaucipir uptake in the red nucleus discriminates 

PSP-RS from other variants (Whitwell et al., 2020). Our results indicate that these two 

recent findings are related, and therefore, further investigation of the mechanisms underlying 

this strong correlation will be interesting.

The lack of association between flortaucipir uptake and susceptibility in the substantia nigra 

may be due to the contribution of neuromelanin. Neuromelanin is known to be abundant 

in the substantia nigra in normal subjects and reduced in PSP (Taniguchi et al., 2018), and 

studies have suggested off-target binding of flortaucipir to neuromelanin (Lowe et al., 2016; 

Marquie et al., 2017). Hence, the mixture of increased iron and decreased neuromelanin may 

have caused the loss of association between flortaucipir and magnetic susceptibility.

There was also no association in the caudate, presumably because this region was less 

affected in terms of iron and tau. Magnetic susceptibility was different between PSP and 

controls, but the absolute difference in median values and the inter-subject variability were 

relatively small in the caudate compared to other regions. Tau deposition was also assumed 

to be low, as there was no difference in flortaucipir uptake, whereas other regions may have 

stronger iron-related and iron-unrelated effects on flortaucipir uptake, as discussed below.

No significant correlations were found between susceptibility and flortaucipir uptake 

within each PSP clinical variant, but there was some variability in correlation coefficients 

across variants; PSP-Richardson syndrome had the strongest correlation in the cerebellar 

dentate, and PSP-Parkinsonism in the putamen, subthalamic nucleus, and red nucleus. 

These differences may reflect the pathological variability across different clinical variants 

(Dickson et al., 2010). Because the small number of patients in each group limited the firm 

conclusions in this subgroup analysis, future studies with a larger cohort will be needed to 

investigate relationships within different variants. Note that the MRPI in our PSP cohort 

was relatively low compared to literature values, reflecting the wide variability of clinical 

variants (Grijalva et al., 2022).

The framework of mediation analysis showed that all five regions had indirect effects, 

indicating that increased flortaucipir uptake in PSP were partially or fully explained by 

magnetic susceptibility. This result suggests that some flortaucipir uptake is related to iron. 

This analysis also showed that four regions (putamen, pallidum, subthalamic nucleus, and 

red nucleus) still had direct effects between diagnosis and flortaucipir uptake, which were 

not explained by magnetic susceptibility. The possible explanations are that this direct 
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effect is indicative of other off-target substances such as monoamine oxidase (Vermeiren et 

al., 2018), true 4R tau binding, or both. However, recent studies showed that monoamine 

oxidase did not significantly affect flortaucipir uptake (Wright et al., 2022). Additionally, 

these four regions are qualitatively consistent with the regions where the second-generation 

tau PET tracers (18F-PM-PBB3 and 18F-PI-2620) have increased signal in PSP (except 

that they also have increased signal in the substantia nigra) (Jin et al., 2023). The second-

generation tracers have higher affinity for 4R tau, and some decreased off-target effects (Jin 

et al., 2023) and are therefore may more accurately reflect PSP tau distribution. Considering 

these studies, the direct effects in our study may represent true 4R tau uptake, although 

pathological validation will be required. In summary, the results of mediation analysis 

suggest that subcortical flortaucipir uptake may include iron-related (e.g., off-target binding 

to iron) and unrelated (e.g., iron-unrelated 4R tau) components.

The strength of this study was the novelty of directly comparing two advanced imaging 

techniques (flortaucipir PET and QSM) in the same and relatively large PSP cohort that 

included many different clinical variants of PSP, allowing correlation and mediation analyses 

to examine susceptibility effects on flortaucipir uptake. Our analyses also corrected for 

age, sex and accounted for multiple comparisons. This study also has several limitations. 

First, this study lacks autopsy confirmation. A careful diagnosis was made with detailed 

neurological tests and biomarkers, but there remains the possibility that other pathological 

diagnoses were not completely excluded. Second, age differed between the PSP and control 

groups, although correlation analysis was performed within each group and age effects were 

adjusted for all analyses. These limitations will be addressed in the future by including 

autopsy-confirmed PSP patients and age-matched controls. Third, there can be multiple 

sources of magnetic susceptibility in the brain, including potential confounders such as 

myelin and calcification, although the main sources will be iron in the subcortical regions 

(Langkammer et al., 2012). Fourth, the results may be affected by partial volume effects in 

PET images, especially in small structures such as the subthalamic nucleus and substantia 

nigra. The FWHM of the point spread function of our scanners has been estimated to be 

between 5 and 8 mm, which is comparable to the size of these small structures (Kolpakwar 

et al., 2021; Massey et al., 2017). Although we confirmed that the results were unchanged 

after partial volume correction, the results for these regions should be interpreted with 

caution. Finally, it should be noted that we simplified the mediation model that magnetic 

susceptibility induce flortaucipir signal changes (e.g., off-target binding (Choi et al., 2018; 

Lowe et al., 2016)) and to ignore possible opposite effects from flortaucipir to susceptibility 

(e.g., tau-induced iron accumulation (Lei et al., 2012)). Further longitudinal studies are 

needed to assess susceptibility effects more accurately on flortaucipir uptake.

5. Conclusion

We directly compared flortaucipir and susceptibility signals in the same PSP cohort. Both 

modalities had increased signal and positive correlations in many subcortical regions in 

PSP and we found evidence that flortaucipir uptake was partially or fully explained 

by susceptibility. These results suggest that some subcortical flortaucipir uptake may be 

associated with iron. These findings will contribute to our understanding of the mechanisms 

underlying flortaucipir tau PET signal in PSP, 4R tauopathies and other neurodegenerative 
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diseases, and should be considered in clinical treatment trials that utilize flortaucipir PET as 

an outcome measure.
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Refer to Web version on PubMed Central for supplementary material.
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SUVR standardized uptake value ratio

FDR false discovery rate

RFT random field theory
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Fig. 1. 
Schematic of the mediation analysis model. This model assumes that increased flortaucipir 

uptake in PSP is partially or fully explained by magnetic susceptibility (e.g., iron-related 

flortaucipir uptake).
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Fig. 2. 
Boxplots of flortaucipir SUVR and susceptibility in the seven subcortical regions. Linear 

regression with age and sex as covariates and FDR adjustment for multiple comparisons of 

seven regions were used to calculate p-values.
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Fig. 3. 
Relationship between flortaucipir uptake and susceptibility in subcortical regions. Red and 

blue dots show the scatter plots of these two signals in the PSP and control cohorts, 

respectively, and solid lines show linear regression lines. Spearman’s partial correlation 

coefficients (r) adjusted for age and sex are shown in each panel. Their p-values were 

adjusted for multiple comparisons of seven regions. Abbreviation: ns = nonsignificant.
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Fig. 4. 
Voxel-level regional correlations between flortaucipir and susceptibility across the whole 

brain. Linear regression was calculated for each voxel with the age and sex as covariates. 

Results are presented using the p<0.001 threshold and RFT-based multiple comparison 

correction. Linear regression and these glass brain visualizations were performed using 

VoxelStats.
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Table 1

Demographics and clinical findings for control and PSP groups. The parentheses indicate interquartile ranges.

Control (n = 67) PSP (n = 50) P

Female, n (%) 46 (69 %) 26 (52 %) 0.09

Education, y 16 (16, 18) 14 (12, 18) <0.01

Age, y 66.2 (58.1, 70.1) 71.0 (65.9, 77.2) <0.001

Onset age, y 65.9 (60.7, 72.8)

Disease duration, y 4.0 (2.6, 6.7)

MoCA (/30) 27 (26, 28) 25 (19, 26) <0.001

MDS-UPDRS III (/132) 39 (30, 56)

PSP rating scale (/100) 36 (27, 43)

PSIS (/5) 2 (1, 3)

MRPI 14 (10, 19)
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Table 2

The results of mediation analysis. Each row contains total effects, direct effects, indirect effects, and 

proportion mediated. The parentheses indicate 95 % confidence interval for each variable.

Total effect Direct effect Indirect effect Prop. mediated

Putamen 0.099** (0.025, 0.17) 0.072* (0.009, 0.13) 0.027* (0.002, 0.06) 27 %

Pallidum 0.291*** (0.192, 0.39) 0.138** (0.032, 0.25) 0.153*** (0.078, 0.23) 53 %

Subthalamic nucleus 0.207*** (0.122, 0.29) 0.152*** (0.067, 0.24) 0.054** (0.018, 0.10) 26 %

Red nucleus 0.254*** (0.160, 0.34) 0.121** (0.043, 0.21) 0.133*** (0.068, 0.20) 52 %

Cerebellar dentate 0.064* (0.004, 0.12) 0.027 (−0.030, 0.08) 0.038** (0.014, 0.07) 59 %

***
p<0.001.

**
p<0.01.

*
p<0.05.
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