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Abstract
Purpose Progressive supranuclear palsy (PSP) is primary 4-repeat tauopathy. Evidence spanning from imaging studies 
indicate aberrant connectivity in PSPs. Our goal was to assess functional connectivity network alterations in PSP patients 
and the potential link between regional tau-burden and network-level functional connectivity using the next-generation tau 
PET tracer  [18F]PI-2620 and resting-state functional MRI (fMRI).
Material and methods Twenty-four probable PSP patients (70.9 ± 6.9 years, 13 female), including 14 Richardson syndrome 
(RS) and 10 non-RS phenotypes, underwent  [18F]PI-2620 PET/MRI imaging. Distribution volume ratios (DVRs) were 
estimated using non-invasive pharmacokinetic modeling. Resting-state fMRI was also acquired in these patients as well 
as in thirteen older non-AD MCI reference group (64 ± 9 years, 4 female). The functional network was constructed using 
141 by 141 region-to-region functional connectivity metrics (RRC) and network-based statistic was carried out (connection 
threshold p < 0.001, cluster threshold pFDR < 0.05).
Results In total, 9870 functional connections were analyzed. PSPs compared to aged non-AD MCI reference group expressed 
aberrant connectivity evidenced by the significant NBS network consisting of 89 ROIs and 118 connections among them 
(NBS mass 4226, pFDR < 0.05). Tau load in the right globus pallidus externus (GPe) and left dentate nucleus (DN) showed 
significant effects on functional network connectivity. The network linked with increased tau load in the right GPe was 
associated with hyperconnectivity of low-range intra-opercular connections (NBS mass 356, pFDR < 0.05), while the net-
work linked with increased tau load in the left cerebellar DN was associated with cerebellar hyperconnectivity and cortico-
cerebellar hypoconnectivity (NBS mass 517, pFDR < 0.05).
Conclusions PSP patients show altered functional connectivity. Network incorporating deep gray matter structures dem-
onstrate hypoconnectivity, cerebellum hyperconnectivity, while cortico-cortical connections show variable changes. Tau 
load in the right GPe and left DN is associated with functional networks which strengthen low-scale intra-opercular and 
intra-cerebellar connections and weaken opercular-cerebellar connections. These findings support the concept of tau load-
dependent functional network changes in PSP, by that providing evidence for downstream effects of neuropathology on brain 
functionality in this primary tauopathy.

Keywords [18F]PI-2620 · Functional network connectivity · PET/MRI · Progressive supranuclear palsy · Resting-state 
functional MRI · Tauopathy

Introduction

Progressive supranuclear palsy (PSP) is the most common 
primary tauopathy. Tau is encoded by the microtubule-asso-
ciated protein tau gene and the protein contributes to the 
stability of the axonal cytoskeleton. The number of spliced 
copies of the microtubule-binding repeat domain determines 
whether tau appears as 3-repeat (3R) or a 4-repeat (4R) iso-
form [1]. In contrast to the 3R/4R tauopathy Alzheimer’s 

O. Sabri and H. Barthel contributed equally to this work.

This article is part of the Topical Collection on Neurology – 
Movement disorders.

 * Gayane Aghakhanyan 
 gayane.aghakhanyan@gmail.com

Extended author information available on the last page of the article

/ Published online: 1 September 2022

European Journal of Nuclear Medicine and Molecular Imaging (2022) 50:103–114

http://orcid.org/0000-0001-5152-497X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00259-022-05952-0&domain=pdf


1 3

disease, PSP is a “pure 4R tauopathy,” where the pathogenic 
lesions are composed primarily of insoluble 4R tau accumu-
lations. Tau aggregation affects characteristic brain regions 
leading to diverse but well-defined clinical syndromes [2]. 
The PSP-Richardson’s syndrome (PSP-RS) is the most com-
mon phenotype marked by early falls because of postural 
instability, and by progressive supranuclear vertical gaze 
palsy [3]. Other common phenotypes associated with PSP 
pathology include parkinsonism mimicking Parkinson’s dis-
ease (PSP-P), frontotemporal dementia (PSP-F), and corti-
cobasal syndrome (PSP-CBS) [4].

Structural neuroimaging features such as atrophy of 
the midbrain, cerebellar peduncles, and of deep gray mat-
ter structures, including striatum and thalamus [5, 6], and 
predominant mid-brain hypometabolism on  [18F]FDG PET 
[7] can be affirmative for PSP. Nevertheless, these biomark-
ers represent late events in the disease course [8]. Resting-
state functional MRI (fMRI) with functional connectivity 
assessment has also been applied in PSP patients, mainly 
in PSP-RS phenotype [5]. Most of these resting-state fMRI 
studies adopted seed-based approaches that require an a pri-
ori hypothesis. Others focused on independent component 
analysis (ICA) [9], providing support for the concept of dis-
rupted and reorganized connectivity in PSP patients [9–11]. 
However, the network-level analysis that is based on a data-
driven hierarchical clustering procedure is still missing in 
PSP patients. NBS is an alternative method to study brain 
resting-state functional connectivity and has an advantages 
compare to other approaches, as it consider the entire brain 
as an integrated network by using connected graph approach 
[12]. Furthermore, the NBS enables the higher dimensional 
analysis compared to other data-driven approaches, such as 
the low-dimensional ICA. Since tau pathology affects sev-
eral brain areas in PSP patients, including subcortical struc-
tures, cortical and cerebellar regions [13], thus, the NBS 
approach promises a more comprehensive exploration of 
whole-brain network connections [14].

In the last few years, progress has been made in the iden-
tification and testing of tau PET tracers to image 4R tau 
occurring in PSP [15]. As such, tau PET has the potential 
of becoming an imaging biomarker for early diagnosis and 
disease progression. 4R tau imaging could be used as an 
outcome measure in clinical treatment trials, particularly 
those assessing tau-targeted therapies [16]. Among the next-
generation tau PET tracers,  [18F]PI-2620 has been shown 
to have a high affinity to recombinant 4R tau fibrils of PSP 
brain homogenates and no off-target binding to monoamine 
oxidases [17]. A recent multicenter evaluation by our group 
showed that  [18F]PI-2620 PET imaging corroborates and 
potentially facilitates a more reliable diagnosis of PSP [18].

The success of tau PET imaging opens new horizons to 
focus our attention on how regional tau burden can influ-
ence the segregation and integration of the passage of neural 

information and how the interconnected neuronal network 
structure of the PSP brain can be affected during the neuro-
degenerative process. The goal of this study was to explore 
functional connectivity network alterations in PSP patients 
applying network-level analysis and to assess the potential 
link between regional tau burden and functional network-
level reorganization using simultaneous acquisition of the 
next-generation tau PET tracer  [18F]PI-2620 and resting-
state fMRI on a hybrid PET/MRI system.

Material and methods

Participants

Twenty-four patients (age 70.9 ± 6.9 years, 12 female) with 
probable PSP according to current diagnostic criteria were 
included into this retrospective observational study [4]. 
The PSP cohort consisted of fourteen PSP-RS patients (age 
73.1 ± 5.4 years, 6 female) and ten patients with non–RS-
variant (age 67.6 ± 7.3 years, 6 female), including pre-
dominantly PSPs with parkinsonian presentation (PSP-P), 
frontal presentation (PSP-F) and with speech/language dis-
orders (PSP-SL). Disease duration was defined as the time 
between symptom onset and PET/MR imaging. For all PSP 
patients, we collected the PSP Rating Scale (PSPRS) as a 
disease severity score [19], the Schwab and England activi-
ties of daily living (SEADL) scale for assessment of global 
functional abilities [20], and the clinical global impression 
severity (CGI-s) scale for measuring the clinician’s view on 
the patient’s global functioning [21].

The resting-state fMRI data of the PSP cohort were com-
pared with those of a non-AD MCI reference group. These 
were subjects with mild cognitive impairment who were 
negative on  [18F]florbetaben amyloid PET, did not show 
abnormalities on structural MRI, and who did not progress 
in terms of their cognitive deficits in clinical follow-up. 
These were thirteen older non-AD MCI reference group (age 
64 ± 9 years, 4 female). Subsidiary analysis was also applied 
to compare functional network and regional tau burden dif-
ferences between PSP-RS vs PSP-non-RS patients.

All participants provided written informed consent prior 
to participating in this study. The data analysis for this ret-
rospective observational study was approved by the local 
Ethics Committee of the University of Leipzig.

The study cohort demographic details are given in 
Table 1.

PET/MRI acquisition

Simultaneous PET/MRI acquisition was performed using 
an integrated 3 T PET/MRI system (Biograph mMR; Sie-
mens, Erlangen, Germany).  [18F]PI-2620 PET imaging was 
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performed in a full dynamic setting (0–60 min post-injection) 
in 3D list-mode, and reconstructed into a matrix = 256 × 256 
(voxel size: 1.00 × 1.00 × 2.03  mm3) using the built-in 
ordered subset expectation maximization algorithm with 8 
iterations, 21 subsets, and a 3-mm Gaussian filter. Simulta-
neously to the PET data acquisition, the vendor-provided 
HiRes attenuation correction MR sequence was obtained. 
This method combines the individual Dixon attenuation 
correction approach with a bone attenuation template [22]. 
Also, a high-resolution 3D T1-weighted image (MP2RAGE) 
was acquired in each subject for co-registration/anatomical 
segmentation of the PET and resting-state fMRI data. This 
was done with the following parameters: 176 contiguous 
sagittal slices with 1 mm thickness and no gap; repetition 
time (TR)/echo time (TE) = 5000/2.98 ms; inversion time 
(TI) = 0 ms; flip angle = 0; field of view = 240 × 256 mm; 
matrix = 240 × 256; voxel size 1.0 × 1.0 × 1.0 mm. Further, 
resting-state fMRI data were acquired in 520 echo planar 
imaging (EPI) volumes with a voxel size of 3 × 3 × 4.2 mm, 
TR = 2000 ms, TE = 30 ms, flip angle = 90, and slice thick-
ness of 3.5 mm. No task was provided during fMRI scan-
ning. Patients were instructed to keep the eyes open without 
fixation during the resting-state fMRI acquisition.

Image processing

Region of interest identification

Cortical and subcortical regions of interests (ROIs) were 
generated on the MP2RAGE MRIs from anatomical 
regions labeled by atlases (in total 141 ROIs). For resting-
state fMRI analysis, 130 ROIs have been selected from the 
default CONN atlas, which is a combination of the FSL Har-
vard–Oxford cortical atlas for cortical and subcortical areas 
[23] and Automated Anatomical Labeling atlas (AAL116) 
for cerebellar areas [24]. Additional eleven ROIs were 
included from the atlas of the Basal Ganglia (ATAG) [25], 

including periaqueductal gray (PAG) and bilateral globus 
pallidus externus (GPe), subthalamic nucleus (STN), sub-
stantia nigra (SN), red nucleus (RN), and cerebellar dentate 
nucleus (DN) from the Probabilistic cerebellar atlas [26]. 
For calculating mean DVR values of the  [18F]PI-2620, fif-
teen tau-in-PSP regions (according to Kovacs et al. [13]) 
were selected using ATAG atlas [25], including bilateral 
striatum, GPe, globus pallidus internus (GPi), STN, SN, RN, 
and cerebellar DN from Probabilistic cerebellar atlas [26].

[18F]PI‑2620 PET data analysis

The dynamic  [18F]PI-2620 PET datasets were motion-cor-
rected using the individual summed 0–4.5-min frames as 
reference after co-registration of the reference to the indi-
vidual MR data in PMOD (version 3.5, PMOD Technologies 
LLC, Zurich, Switzerland). Automatized brain normaliza-
tion settings in PMOD included nonlinear warping, 8-mm 
input smoothing, equal modality, 16 iterations, frequency 
cut-of 3, regularization 1.0, and no thresholding. The trans-
formation was saved and applied to the full dynamic  [18F]
PI-2620 PET datasets to minimize interpolation. Distribu-
tion volume ratios (DVRs) were estimated using non-inva-
sive pharmacokinetic modeling (MRTM2 [27] in PMOD) 
with lower cerebellum as reference region [18]. To ascertain 
that the tau-in-PSP DVRs in PSP patients fall into pathologi-
cal range, we calculated DVR z-scores using the mean and 
standard deviation (SD) of an in-house  [18F]PI-2620 normal 
dataset consisted of ten healthy controls (2 men; mean ± SD 
age of 67 ± 7 years). The details about the  [18F]PI-2620 nor-
mal dataset are provided elsewhere [18].

Resting‑state fMRI

Resting-state fMRI processing was done using Statistical 
Parametric Mapping (SPM) software, version 12 (Well-
come Trust Centre for Neuroimaging, UCL, London, UK) 

Table 1  Demographics

If not otherwise noted, data are mean (standard deviation). p* represent comparison between controls and 
PSP groups; p° represents comparison between PSP-non-RS and PSP-RS groups. 1Wilcoxon rank sum test, 
2Fisher’s exact test. Abbreviations: CGI-s, clinical global impression severity; CTR , controls; PSP, progres-
sive supranuclear palsy; PSPRS, PSP Rating Scale; RS, Richardson syndrome; SEADL, Schwab and Eng-
land activities of daily living

CTR All PSP p* PSP-non-RS PSP-RS p°
N = 13 N = 24 N = 10 N = 14

Age 63.8 (9.1) 70.9 (6.9) 0.031 67.7 (7.7) 73.1 (5.4) 0.071

Gender 0.32 0.242

  Male 9 (69.2) 11 (45.8) 3 (30%) 8 (57%)
  Female 4 (30.8) 13 (54.2) 7 (70%) 6 (43%)

PSPRS – 36.1 (15) 26.0 (7.9) 40.8 (15.4) 0.0421

SEADL – 54.7 (23.9) 68.3 (22.3) 48.5 (22.7) 0.0921

CGI-s – 4.56 (0.9) 4.0 (0.8) 4.8 (0.9) 0.1511

105European Journal of Nuclear Medicine and Molecular Imaging (2022) 50:103–114



1 3

(https:// www. fil. ion. ucl. ac. uk/ spm/ softw are/ spm12/) and 
CONN toolbox, version 18a (https:// web. conn- toolb ox. org). 
CONN is a Matlab-based cross-platform software (embed-
ded with SPM12) for computation, display, and analysis of 
functional connectivity MRI. It covers the entire pipeline 
from raw fMRI data to hypothesis testing [28]. The tool-
box implements the component-based noise correction 
method (Comp-Cor) strategy for physiological and other 
noise source reduction, additional removal of movement, 
and temporal covariates, temporal filtering and windowing 
of the residual BOLD contrast signal, first-level estimation 
of multiple standard functional connectivity measures, and 
second-level random effect analysis for resting-state data. 
We followed the default preprocessing pipeline. Images 
were realigned and unwarped. Slice-timing was corrected 
in ascending order using SPM12 procedure. For functional 
outlier detection, we used intermediate settings (97th per-
centile in normative sample) and acquisitions with frame-
wise displacement above 0.9 mm or global BOLD signal 
changes above 5 s.d. are flagged as potential outliers. Both 
functional data and structural data were segmented to gray 
matter, white matter, and cerebrospinal fluid and normal-
ized to MNI coordinates. Functional images were smoothed 
to 8-mm full width at half maximum (FWHM) Gaussian 
kernel. Subsequently, denoising was performed by default, 
including temporal band-pass filtering (below 0.008 Hz and 
above 0.09 Hz) and linear regression.

Functional network construction

Functional brain networks were constructed using 141 by 
141 ROI-to-ROI functional connectivity metrics (RRC), 
which represent the connectivity between all pairs of ROIs 
among a pre-defined set of ROIs. The definition of these 
metrics follows exactly the same organization and proper-
ties as the seed-based connectivity measures but avoids the 
asymmetry between seeds (ROIs) and targets (voxels). These 
metrics are often used when researchers are interested in the 
simultaneously study of entire networks of connections [28].

Network analysis

To study the network-based inferences, we used network-
based statistic (NBS), which allows to make inferences about 
entire networks of ROIs [29]. NBS is a nonparametric clus-
ter-level statistics technique based on the graph theoretical 
concept of connected components. We first created a two-
dimensional statistical parametric map based on the ROI-
to-ROI matrix of T-statistics that were estimated using a 
general linear model (GLM). This statistical parametric map 
was then thresholded using a connection threshold p < 0.001. 
The resulting suprathreshold connections defined a graph 
among all remaining ROIs that survived thresholding. This 

graph was then broken down into components, defined as 
connected subgraphs. Each network was then character-
ized by its network mass (sum of T-squared statistics over 
all connections within each cluster), and these values were 
compared to a distribution of expected network mass values 
under the null hypothesis, which was numerically estimated 
using 10,000 permutation iterations of the original data. 
NBS was chosen given its advantage of rejecting the null 
hypothesis at the network levels. This allowed to observe the 
effect of significant network clusters rather than significant 
individual connections.

Statistics

All statistical analyses were performed in R (R Core Team, 
2018) and in MATLAB 2018a (The Mathworks Inc., 2018). 
The Kruskal–Wallis rank sum test was used for testing age 
differences between three groups, the Fisher’s exact test for 
testing gender differences between groups, and the Wilcoxon 
rank sum test for testing differences between two groups 
(PSP-RS and PSP-non-RS). For network-level statistics, 
first, general linear model (GLM, implemented in CONN 
toolbox) was designed for each connection using one-way 
ANCOVA with covariate control for between-subjects con-
trast (PSP vs non-AD MCI reference group; PSP-RS vs PSP-
non-RS) and age/sex as a nuisance covariates. Similarly, for 
testing the effect of regional DVRs on functional network, a 
multiple regression at fix level of age/sex effects was mod-
eled to account for age- and sex-related variabilities. For 
each model (ANCOVA or multiple regression), the GLM 
estimated entire ROI-to-ROI matrix of T-statistics result-
ing in a two-dimensional statistical parametric map, which 
was further thresholded at a connection threshold p < 0.001 
and utilized for NBS with 10,000 permutation to control 
the rate of falsely detecting networks at pFDR < 0.05. The 
T-statistics for connections that construct the significant net-
work were reported.

Results

PSP patients

Fourteen out of the twenty-four PSP patients had PSP-RS 
phenotype (58%) with a mean PSPRS value of 41 ± 15, a 
mean SEADL value of 48 ± 23, and CGI-s score of 4.8 ± 0.9. 
The ten patients (42%) with PSP-non-RS forms had a mean 
PSPRS value of 26 ± 8, mean SEADL value of 68 ± 22, and 
CGI-s score of 4.0 ± 0.8. The PSPRS score of PSP-RS and 
PSP-non-RS patients differed significantly (p < 0.05), with 
higher values in PSP-RS patients (Table 1). The SEADL 
and CGI-s scores show no significant differences between 
PSP-RS and non-RS phenotypes. The PSP-RS patients were 
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relatively older compared to PSP-non-RS group with bor-
derline statistical significant (p = 0.07). No significant gen-
der difference was found between PSP-RS and PSP-non-RS 
groups (p = 0.24).

[18F]PI‑2620 binding

The PSP patients demonstrated high specific  [18F]PI-2620 
binding in the PSP target regions, including GPe and GPi, 
ST, STN, RD, and cerebellar DN. Table 2 depicts regional 
[18F]PI-2620 DVRs and z-scores in the PSP target regions. 
The highest non-displaceable DVRs were revealed in the 
bilateral GPe/GPi and DN both for PSP-RS and non-RS 
phenotypes (Table 2). No significant  [18F]PI-2620 binding 
differences among PSP-RS and PSP-non-RS groups were 
observed for all subcortical PSP target regions, both for left 
(L) and right (R) hemisphere (Table 2).

Functional network connectivity

In total, 9870 functional connections among 141 ROIs were 
analyzed. PSP patients, compared to non-AD MCI refer-
ence group, expressed altered whole-brain functional net-
work connectivity (NBS mass = 4350, pFDR < 0.05) (Fig. 1). 
The network consisted of 89 ROIs, including cortical, sub-
cortical, and cerebellar nodes, and 118 connections among 
them. Details about single connections which the network is 
comprised of with corresponding T-statistics are presented 
in the Supplement (Table S1). In addition, histograms of 

the Cohen’s d effect sizes with confidence intervals for each 
connection in the NBS network are depicted in the Supple-
ment (Fig. S1).

Cortical nodes showed variable changes (hyper- and 
hypoconnectivity) with other nodes. Lower connectivity 
was observed between large-scale cortico-cortical circuits 
including auditory cortex, and nodes embedded in the 
default mode network and salience network. The secondary 
visual cortex showed increased connectivity with inferior 
temporal gyrus, while motor and frontal-parietal control 
networks showed decreased long-range connectivity. Inter-
estingly, the cerebellum showed apparent hyperconnectivity 
with cortical associative nodes, and lower connectivity with 
the GPe, brainstem, and limbic cortex (including the hip-
pocampus, parahippocampal gyrus, and amygdala) (Fig. 1). 
The subcortical structures were characterized by cortical and 
cerebellar hypoconnectivity.

The subsidiary analysis for comparing functional net-
work-level interference between PSP-RS and PSP-non-RS 
patients revealed no significant differences.

Effect of tau PET signals on network connectivity

In the PSP group, the  [18F]PI-2620 DVRs in the right GPe 
and left DN had significant effects on functional network 
connectivity. The network linked with increased  [18F]
PI-2620 DVRs of the right GPe consisted of 9 ROIs and 
10 connections among them (NBS mass 356, pFDR < 0.05) 
and was associated with hyperconnectivity of low-range 

Table 2  [18F]PI-2620 tau PET 
distribution volume ratios and 
z-scores in PSP target regions

DVRs are mean (standard deviation). z-scores are mean as calculated by comparison with a normal dataset. 
z-scores ≥ 2 indicate 2 standard deviation above the mean of normal population. Abbreviations: l, left; PSP, 
progressive supranuclear palsy; r, right; RS, Richardson syndrome

PSP-non-RS PSP-RS p

DVR z-score DVR z-score

N = 10 N = 14

Globus pallidus external l 1.40 (0.13) 2.29 1.40 (0.13) 2.35 0.912
Globus pallidus external r 1.44 (0.12) 2.64 1.40 (0.13) 2.23 0.469
Globus pallidus internal l 1.34 (0.11) 2.6 1.36 (0.15) 2.86 0.697
Globus pallidus internal r 1.43 (0.14) 2.98 1.37 (0.14) 2.42 0.363
Periaqueductal gray area 1.03 (0.13) 1.04 0.98 (0.13) 0.98 0.398
Red nucleus l 1.27 (0.12) 1.05 1.24 (0.16) 0.8 0.649
Red nucleus r 1.34 (0.14) 1.38 1.27 (0.15) 0.75 0.294
Substantia nigra l 1.35 (0.21) 2.1 1.30 (0.24) 1.5 0.585
Substantia nigra r 1.39 (0.23) 1.94 1.27 (0.21) 1.5 0.182
Subthalamic nucleus l 1.35 (0.10) 2.1 1.38 (0.12) 2.39 0.550
Subthalamic nucleus r 1.38 (0.16) 2.67 1.35 (0.15) 2.37 0.671
Striatum l 1.18 (0.11) 1.22 1.19 (0.08) 1.38 0.776
Striatum r 1.18 (0.09) 1.32 1.19 (0.09) 1.42 0.849
Dentate nucleus l 1.32 (0.13) 3.64 1.29 (0.13) 2.8 0.581
Dentate nucleus r 1.33 (0.14) 3.88 1.31 (0.12) 3.1 0.624
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intra-opercular connections, including bilateral frontal/pari-
etal opercular and temporal polar regions (Fig. 2). Details 
about single connections which the network is comprised of 
with corresponding T-statistics are presented in Table 3A.

The network linked with increased  [18F]PI-2620 DVRs 
of the left cerebellar DN consisted of 13 ROIs and 12 

connections among them (NBS mass 517, pFDR < 0.05), 
and was associated with cerebellar hyperconnectivity 
and cortico-cerebellar hypoconnectivity (Fig. 3). Details 
about single connections the network is comprised of with 
corresponding T-statistics are presented in Table 3B.

Fig. 1  Connectome rings representing a significant NBS network 
between PSP patients and non-AD MCI reference group (NBS mass 
4225, connection threshold p < 0.001, cluster threshold pFDR < 0.05) 
using 141 by 141 RRC matrices. The cluster is comprised of 89 ROIs 
and 118 connections among them. Abbreviations: AC, cingulate 
gyrus, anterior division; AG, angular gyrus; aITG, inferior temporal 
gyrus, anterior division; aMTG, middle temporal gyrus, anterior divi-
sion; aPaHC, parahippocampal gyrus, anterior division; aPaHC, para-
hippocampal gyrus, anterior division; aSMG, supramarginal gyrus, 
anterior division; aSTG, superior temporal gyrus, anterior division; 
Cereb, cerebellum; CO, central opercular cortex; FO, frontal opercu-
lum cortex; FOrb, frontal orbital cortex; FP, frontal pole; GPe, glo-
bus pallidus externus; HG, Heschl’s gyrus; IC, insular cortex; ICC, 
intracalcarine cortex; IFG tri, inferior frontal gyrus, pars triangula-

ris; iLOC, lateral occipital cortex, inferior division; l, left; MedFC, 
frontal medial cortex; MidFG, middle frontal gyrus; OFusG, occipi-
tal fusiform gyrus; PaCiG, paracingulate gyrus; PAG, periaqueductal 
gray; pITG, inferior temporal gyrus, posterior division; pMTG, mid-
dle temporal gyrus, posterior division; PostCG, postcentral gyrus; PP, 
planum polare; pPaHC, parahippocampal gyrus, posterior division; 
pPaHC, parahippocampal gyrus, posterior division; PreCG, precen-
tral gyrus; pSMG, supramarginal gyrus, posterior division; pSTG, 
superior temporal gyrus, posterior division; PT, planum temporale; 
Put, putamen; r, right; RedN, red nucleus; SCC, supracalcarine cor-
tex; SFG, superior frontal gyrus; SMA, supplementary motor cortex; 
SubCalC, subcallosal cortex; TOFusC, temporal occipital fusiform 
cortex; oMTG, middle temporal gyrus, temporooccipital part; TP, 
temporal pole; Ver, vermis
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Discussion

We applied a network-based approach to study resting-state 
brain functional connectivity and the network-level changes 
in PSP patients. We further attempted to link functional net-
work with subcortical  [18F]PI-2620 binding in PSP patients. 
First, we provide evidence for a functional connectivity net-
work alteration within large-scale nodal connections in PSP, 
which mainly manifested as increased functional connectiv-
ity within cortico-cerebellar brain circuits, and decreased 
connectivity between cortico-cortical, cortico-subcortical, 
and subcortical-cerebellar circuits. Next, we determined that 
tracer binding in the right GPe and left DN was associated 
with certain functional network alteration patterns.

Over the last decade, brain functional connectivity has 
gained much interest and has been extensively studied in 
neurodegenerative disorders, including PSP [9–11, 30, 31]. 
Recently neurodegenerative diseases even have been con-
ceptualized as “molecular nexopathies,” where changes in 
brain connectivity are related to specific molecular changes 
[32]. PSP seems to be a paradigmatic disease and in our 
study, we were able assess the interaction between brain 

network alterations as investigated with resting-state fMRI 
and molecular underpinnings as measured with tau-PET. 
To the best of our knowledge, the network-level analysis 
using RRC matrices as defined by a data-driven hierarchical 
clustering procedure [28] and interpolating NBS without a 
priori hypotheses has not been yet adopted to investigate 
resting-state functional connectivity in PSP patients. Our 
findings that PSP patients, compared to non-AD MCI refer-
ence group, express aberrant network-level connectivity are 
largely consistent with others that have explored the resting-
state connectivity with different means [9, 30]. PSP-asso-
ciated neurodegeneration was attributed to both decreased 
and increased functional connectivity, suggesting that the 
decreased functional connectivity is linked to neurodegen-
erative phenomena, while an increased functional connec-
tivity is probably due to adaptive changes [31]. Similarly, 
we observed lower connectivity between large-scale cortico-
cortical circuits including nodes within the default mode 
network and salience network that probably reflects the dis-
ruption of those networks and their functional failure. On the 
other hand, the secondary visual cortices exhibited hyper-
connectivity with the inferior temporal cortex, which is a key 

Fig. 2  Connectome rings 
representing a significant NBS 
network in PSP patients in 
association with  [18F]PI-2620 
DVRs in the right GPe (NBS 
mass 356, connection threshold 
p < 0.001, cluster threshold 
pFDR < 0.05). Note, hypercon-
nectivity of low-scale opercular 
connections including bilateral 
frontal/parietal operculum and 
temporal pole in association 
with increased  [18F]PI-2620 
DVRs in the right GPe. Abbre-
viations: aPHC, parahippocam-
pal gyrus, anterior division; CO, 
central opercular cortex; GPe, 
globus pallidus externus; FO, 
frontal opercular cortex; IC, 
insular cortex; NBS, network-
based statistics; PO, parietal 
opercular cortex; PP, planum 
polare; pSTG, superior temporal 
gyrus, posterior division
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part of the ventral visual pathway implicated in object, face, 
and scene perception [33]. Visual dysfunction and altered 
visual perception are common features in PSP patients and 
enhanced visual network oscillations might represent an 
adaptive shift in cortico-cortical network architecture.

It has been hypothesized that clinical manifestations in 
PSP might result from the degeneration of deep gray matter 
structures, consequently disrupting cortico-subcortical brain 
circuits [34]. Reinforcing this idea, we observed decreased 
deep gray matter connectivity with cortical regions as well 
as with brainstem, cerebellum, and limbic cortex. It seems 
that basal ganglia, where tau pathology is most prominent 
in PSP [13], display lower functional connectivity with cor-
tical regions implying that the tau proteinopathy leads to 
neurodegeneration inducing large-scale functional network 
degradation and disintegration.

Similarly, the cerebellum showed lower connectivity with 
the deep gray matter, brainstem, and limbic cortex. Intense 
hyperconnectivity was observed with superior and inferior 
temporal gyrus, supplementary motor cortex, auditory, and 
primary visual cortex. It has been demonstrated in PSP that 

tau accumulates in the somata and dendrites of Purkinje 
cells of the cerebellar cortex, as well as focal tau filaments 
in the radial processes of Bergmann’s glia and cerebellar 
deep nuclei (in addition to the extra-cerebellar brain regions 
involved in this disorder) [35]. However, the cerebellar cor-
tex shows functional resistance to tau pathology that might 
be translated into the ability of the cerebellar cortex being 
largely connected with other brain regions, to enhance net-
work architecture and functional interaction. It is known that 
the cerebellum contributes to several motor and non-motor 
functions [36]. Hence, to clarify whether and how functional 
deficits underly increased functional connectivity within the 
frontal-cerebellar circuits in PSP requires further research.

With the availability of appropriate tau PET tracers, 
it is now possible to study the direct consequence of tau 
proteinopathy on brain connectivity in vivo in PSP. We 
strongly believe that understanding whether and how mul-
timodal neuroimaging markers are related to each other 
is a crucial next step for PSP research. The topographical 
similarities and spatial correspondence between tau pathol-
ogy and brain networks have been recently addressed in AD 

Table 3  Effect of tau PET readouts on functional network connectivity

Single ROI-to-ROI connections and associated T-statistics are provided that construct the significant network. (A) Network connections in asso-
ciation with distribution volume ratios (DVR) of the right globus pallidus externus (GPe). The cluster comprises 9 ROIs and 10 connections 
among them (NBS mass 356, pFDR < 0.05). (B) Network connections in association with DVR of the left cerebellar dentate nucleus (DN). The 
cluster comprises 13 ROIs and 12 connections among them (NBS mass 517, pFDR < 0.05)

Connection ROI 1 ROI 2 T-statistics

A. Network connections in association with DVR of the right GPe
  1 Planum polare right Insular cortex right 4.58
  2 Planum polare left Parietal operculum cortex right 4.55
  3 Planum polare right Parietal operculum cortex left 4.54
  4 Frontal operculum cortex right Planum polare right 4.53
  5 Planum polare left Central opercular cortex left 4.21
  6 Frontal operculum cortex right Planum polare left 4.06
  7 Planum polare right Operculum cortex right 3.95
  8 Central opercular cortex left Superior temporal gyrus, posterior division right 3.92
  9 Superior temporal gyrus, posterior division right Parahippocampal gyrus, anterior division left 3.87
  10 Planum polare left Superior temporal gyrus, posterior division right 3.83

B. Network connections in association with DVR of left DN
  1 Inferior temporal gyrus, temporooccipital part right Cerebellum crus 1 left 5.64
  2 Cerebellum 10 left Vermis 8 5.1
  3 Cerebellum 10 left Vermis 7 4.95
  4 Cerebellum 10 left Cerebellum 6 left 4.94
  5 Inferior temporal gyrus, temporooccipital part right Vermis 8 4.88
  6 Parietal operculum cortex right Cerebellum 6 right  − 4.77
  7 Planum polare right Cerebellum 10 left 4.66
  8 Temporal fusiform cortex, posterior division left Cerebellum 10 left 4.32
  9 Central opercular cortex left Vermis 6  − 4.05
  10 Parietal operculum cortex right Cerebellum 6 left  − 4.03
  11 Cerebellum 10 left Cerebellum 8 left 4.01
  12 Cerebellum 10 left Vermis 6 3.99
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and a small PSP cohort [37] using  [18F]AV-1451  ([18F]flo-
rtaucipir). However, many of the regions of interest in PSP 
largely coincide with areas showing off-target binding for 
 [18F]flortaucipir (i.e., to monoamine oxidase, MAO-B, in 
the basal ganglia) [38]. Besides, growing evidence confirms 
that  [18F]flortaucipir should not be clinically used to image 
tauopathies other than AD [39]. In our study, we utilized the 
next-generation tau PET tracer  [18F]PI-2620 which has lower 
off-target binding [18].

As a consequence of tau pathology in the subcortical 
PSP target regions, the overall network connectivity seems 
to be reorganized. In particular, we found that the  [18F]
PI-2620 binding in the right GPe is strongly associated with 
hypoconnectivity within the low-scale frontotemporopari-
etal opercular network, while the  [18F]PI-2620 binding in 
the left DN is linked to low-scale intra-cerebellar network 
hyperconnectivity and large-scale cortico-cerebellar hypo-
connectivity. The GPe and cerebellar DN have a putative 
role in the pathophysiology of PSP and reflect those brain 
regions that are severely affected in post-mortem specimens 
[3]. With increased level of tau, the cortico-cerebellar con-
nections seem to be strengthened, while predominantly 

cortical-cortical connections are weakened. This phenom-
enon, together with short-range intra-cerebellar hyper-
connectivity, might be a rendition of the loss of network 
specialization in PSP patients that may contribute to the gen-
eralized spread of neuronal activity, abnormal oscillations, 
and abnormal synchronization [40], but on the other hand, 
it may represent a plasticity-related shift in neuronal activity 
from atrophic to intact brain structures, as deep structures 
can no longer sustain adequate information transfer [41].

Limitations of our study are its cross-sectional design 
and the limited number of patients. The latter did not per-
mit designing a study under the perspective of different 
PSP phenotypes. Instead, we grouped all PSP patients of 
subtypes other than RS into a PSP-non-RS sub-cohort. As 
we did not find differences in the subcortical tau tracer 
binding between the PSP-RS and non-RS phenotypes, we 
pooled the data for the tau PET vs resting-state fMRI asso-
ciation analyses. Additional studies in larger PSP cohorts 
are needed to test whether the reported tau PET signal 
vs functional network connectivity associations differ 
between different PSP phenotypes. In addition, the refer-
ence group against which the resting-state fMRI data of 

Fig. 3  Connectome rings 
representing a significant NBS 
network in PSP patients in asso-
ciation with  [18F]PI-2620 DVRs 
in the left cerebellar dentate 
nucleus (mass 517, connection 
threshold p < 0.001, cluster 
threshold pFDR < 0.05). Note, 
the low-scale intra-cerebellar 
and ITG-cerebellar hyper-
connectivity, and opercular-
cerebellar hypoconnectivity. 
Abbreviations: CO, central 
opercular cortex; ITG, inferior 
temporal gyrus; pITG, inferior 
temporal gyrus, posterior divi-
sion; PO, parietal opercular 
cortex; pTFusC, temporal fusi-
form cortex, posterior division; 
toITG, inferior temporal gyrus, 
temporooccipital part
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the PSP patients were compared in this study comprised 
MCI subjects who were amyloid-negative in PET imag-
ing as done of the same hybrid PET/MRI system as used 
in this present study. This, by definition, excludes AD as 
underlying disorder. However, we cannot exclude other 
dementia disorders causing the MCI in these subjects. One 
might argue that our reference group better reflects a real-
world clinical scenario (especially as PSP can represent 
with cognitive despite the leading motor symptoms) than 
using healthy controls. However, we plan in future work to 
reproduce our findings comparing PSP patients also with 
healthy controls in a prospective manner.

In conclusion, employing simultaneous  [18F]PI-2620 
tau PET/resting-state fMRI to study functional network 
connectomics and network-level reorganization in relation 
to subcortical tau load in PSP patients, we show that PSP 
patients have altered functional connectivity that operates 
within large- and short-scale neuronal network levels. Tau 
tracer binding in the bilateral GPe and left cerebellar DN is 
related to remodeled functional connectivity with strength-
ened opercular and cerebellar inter-connections and weak-
ened large-scale cortico-cerebellar and cortico-cortical 
networks. These results support the concept of functional 
network changes in PSP in response to tau pathology and 
motivate future investigations in a larger PSP cohort. Here, 
it will be interesting to study how these findings poten-
tially improve disease progression prediction/monitoring.
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