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Subcortical tau is linked to hypoperfusion in connected cortical

regions in 4-repeat tauopathies
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Abstract

4-repeat (4R) tauopathies are neurodegenerative diseases characterized by cerebral accumulation
of 4R tau pathology. The most prominent-4R -tauopathies are progressive-supranuclear-palsy (PSP)
and corticobasal-degeneration (CBD) characterized by subcortical tau accumulation and cortical
neuronal dysfunction, as shown by PET-assessed hypoperfusion and glucose hypometabolism. Yet,
there is a spatial mismatch® between subcortical tau deposition patterns and cortical neuronal
dysfunction, and it is unclear how these two pathological brain changes are interrelated. Here, we
hypothesized that subcortical tau pathology induces remote neuronal dysfunction in functionally
connected cortical regions to test a pathophysiological model that mechanistically links subcortical

tau accumulation to-Cortical neuronal dysfunction in 4R tauopathies.

We included 51 A B-negative patients with clinically diagnosed PSP variants (n=26) or Corticobasal
Syndrome (CBS; n=25) who underwent structural MRI and '8F-PI-2620 tau-PET. '8F-PI-2620 tau-
PET was recorded using a dynamic one-stop-shop acquisition protocol, to determine an early 0.5-
2.5 min post-tracer-injection perfusion window for assessing cortical neuronal dysfunction, as well
as a 20-40 min post-tracer-injection window to determine 4R-tau load. Perfusion-PET (i.e. early-
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window) was assessed in 200 cortical regions, and tau-PET was assessed in 32 subcortical regions
of established functional brain atlasses. We determined tau epicenters as subcortical regions with
highest '*F-P1-2620 tau-PET signal and assessed the connectivity of tau epicenters to cortical ROIs
using a resting-state fMRI-based functional connectivity template derived from 69 healthy elderly
controls from the ADNI cohort. Using linear regression, we assessed whether 1) higher subcortical
tau-PET was associated with reduced cortical perfusion and ii) whether cortical /perfusion

reductions were observed preferentially in regions closely connected to subcortical tau epicenters.

As hypothesized, higher subcortical tau-PET was associated with overall'lower cortical perfusion,
which remained consistent when controlling for cortical tau-PET. Using group-average and
subject-level PET data, we found that the seed-based connectivity pattern of subcortical tau
epicenters aligned with cortical perfusion patterns, where cortical regions that were more closely

connected to the tau epicenter showed lower perfusion.

Together, subcortical tau-accumulation is associated with remote perfusion reductions indicative
of neuronal dysfunction in functionally connected cortical regions in 4R -tauopathies. This suggests
that subcortical tau pathology may induce cortical dysfunction, which may contribute to clinical

disease manifestation and clinical heterogeneity.
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Introduction

Four-Repeat (4R) tauopathies are rapidly progressive neurodegenerative diseases characterized by

neuronal and glial aggregation of hyperphosphorylated 4R tau, that most commonly manifest as
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progressive supranuclear palsy (PSP) and cortico-basal syndrome (CBS) with mixed subcortical

and cortical symptoms -4,

Neuropathological studies have shown that 4R tau accumulates initially in subcortical and
brainstem structures, congruent with the early-stage clinical manifestation of subcortical
symptoms as well as MRI-assessed atrophy across subcortical and brainstem structures °. In
contrast, 4R tau aggregation in cortical regions is less pronounced and typically foundlater in more
advanced disease stages 19, We recently aimed to recapitulate in vivo spreading patterns of 4R tau
in clinically diagnosed PSP and CBS patients (i.e. amyloid-negative to rule out confounding
Alzheimer’s type 3/4R tau pathology), using '8F-PI-2620 tau-PET which shows binding affinity to
4R tau deposits in autoradiography studies, molecular simulations and in vifro competition assays
11-16 Tn line with post mortem studies, we found elevated '3F-PI-2620 tau-PET binding to be most
pronounced in subcortical structures (i.e. basal ganglia). whilé cortical '8F-PI-2620 tau-PET
increase was more limited in these patients !'6-1° These converging neuropathological and
neuroimaging findings support the view that 4R tau aggregation targets primarily subcortical
structures *-!8. In contrast, FDG-PET or perfusion-PET studies assessing neuronal dysfunction in
4R tauopathy patients found that hypoperfusion or glucose hypometabolism extend majorly
beyond the typical subcortical 4R tau predilection sites into the cortex !7-29-24 This suggests that
4R tauopathy patients develop neuronal dysfunction beyond the sites of primary tau pathology,
which may give rise to additional ¢ortical symptoms characteristic for PSP and CBS 7. However,
it is unclear whether-and how subcortical tau pathology and cortical neuronal dysfunction are inter-
related, i.e. whether subcortical tau pathology actively promotes neuronal dysfunction in the cortex
2324 To address this, we adapted the concept of remote dysfunction that is well-known in stroke
research, whichrexplains reduced function of a given brain region by the lack of input of a spatially
remote yet connected area 2°-28, Specifically, we hypothesized that subcortical tau deposition in 4R
tauopathy patients acts as a spatially circumscribed lesion that induces remote neuronal
dysfunction in connected cortical areas, thereby mechanistically linking subcortical tau deposition
and cortical neuronal dysfunction. We addressed this in a sample of 51 AB-negative patients with
clinically diagnosed PSP variants (PSP Richardson Syndrome: n=19; PSP Progressive Gait
Freezing: n=1; PSP Parkinsonism: n=2; PSP Speech/Language Variant: n=4) or CBS (n=25) (i.c.
amyloid-negative), all of whom underwent full dynamic 60-minute '8F-PI-2620 tau-PET scanning
and structural MRI at the LMU University Hospital in Munich, Germany. Using the 60-minute
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dynamic '8F-PI-2620 tau-PET scanning protocol, we used a one-stop-shop protocol previously
established by us to i) determine late-phase tracer binding as a marker of 4R tau deposition, and
11) to assess perfusion-phase images right after tracer injection as a proxy of neuronal dysfunction
that is closely correlated with '3F-FDG-PET '7-2930, This cutting-edge dynamic imaging protocol
enabled a simultaneous assessment of both tau deposition and perfusion during a single. PET-
scanning session, facilitating the assembly of a large 4R-tauopathy cohort and yielding two
complementary image modalities. To model brain connectivity between subcortical sites of tau
deposition and cortical sites of neuronal dysfunction, we used a previously established functional
connectivity template determined in 69 healthy controls of the ADNI sample with high-resolution
resting-state fMRI 163132, Using these data, our key aims were fo test i) whether PET-assessed
subcortical tau deposition is generally linked to cortical hypoperfusion, ii) whether cortical
hypoperfusion is observed specifically in those brain regions.that are functionally connected to
subcortical epicenters of 4R tau pathology and iii). whether patient-specific subcortical tau

epicentre connectivity patterns align with corresponding cortical hypoperfusion patterns.

Materials and methods

Sample

We included a total of 51 subjects with clinically diagnosed PSP variants (n=26: PSP Richardson
Syndrome: n=19; PSP Progressive Gait Freezing: n=1; PSP Parkinsonism: n=2; PSP
Speech/Language Variant: n=4) or CBS (n=25) who underwent structural 3T T1-weighted MRI
and fully dynamic !8F-PI-2620 tau-PET with 4R tau as the assumed underlying pathology of the
clinical. phenotypes. PSP was diagnosed following state-of-the-art diagnostic criteria 2. CBS
diagnosis 'was made according to the revised Armstrong Criteria of probable CBS 33 or the
Movement Disorders Society criteria of possible PSP with predominant CBS 2. Inclusion criteria
were age above 45 years, stable pharmacotherapy for at least 1 week before PET scanning, no
family history for Parkinson’s or Alzheimer’s disease. Exclusion criteria were severe neurological
or psychiatric disorders with phenotypes other than other than PSP and CBS or positive A 3 status,
(i.e. to exclude Alzheimer’s disease-type tau pathology) as determined via expert visual read of

I8F-Flutemetamol or !'3F-florbetaben amyloid-PET or by cerebrospinal fluid analyses of AP
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biomarker levels using locally established cut-offs (i.e., AB42/40-ratio<5.5 or APB1-42<375pg/ml).
Written informed consent was obtained from all participants. The study was carried out according
to the principles of the Helsinki Declaration, patients received no compensation for study
participation. The full study protocol was approved by the local ethics committee (LMU Munich,
application numbers 17-569 and 19-022) and the German radiation protection authorities (BfS-
application: Z 5 — 22464/2017-047-K-G).

Neuroimaging acquisition and image preprocessing

All patients underwent T1-weighted structural MRI on a 3T Siemens Magnetom PRISMA or
SKYRA Scanner and '3F-PI-2620 tau-PET in a full dynamic setting(0—60 min post-injection)
using pre-established standard PET scanning parameters 4°. Adetailed description of our in-house
I8F-PI-2620 synthesis and quality control pipeline has been described previously !6-18. Dynamic
I8F-P1-2620 tau-PET imaging was acquired on a.Siemens Biograph True point 64 PET/CT
(Siemens, Erlangen, Germany) or a Siemens mCT scanner (Siemens, Erlangen, Germany) in 3D
list-mode over 60 min together with a low'dose CT for attenuation correction. From the dynamic
PET image acquisition, we reconstructed early-phase perfusion-PET images during 0.5-2.5 min
p.i. and late-phase tau-PET images for 20-40min p.i. and summarized perfusion and late-phase

tau-PET into a single frame after motion correction, respectively 13-17:29:30,

All imaging data were processed using the Advanced Normalization Tools (ANTs) toolbox
(http://stnava.github.io/ANTs/). In an initial step, ¥F-PI-2620 perfusion-PET and tau-PET images
were rigidly ‘co-registered to native-space T1-weighted MRI images. For T1-weighted structural
MRI data we performed bias field correction, brain extraction, and segmentation into gray-matter,
white matter-and cerebrospinal fluid tissue maps using the ANTs cortical thickness pipeline. Brain
extracted T1-weighted images were nonlinearly normalized to MNI space using ANTs high-
dimensional warping algorithm 34. By combining the rigid PET to T1-native space and nonlinear
T1 to MNI space spatial normalization parameters, all brain-atlas-derived ROI data was
transformed from MNI space back to PET native space, including the TIAN 32 ROI subcortical
brain atlas, the Schaefer 200 ROI cortical brain atlas, as well as reference regions (i.e. inferior
cerebellum for tau-PET and pons for perfusion-PET) in line with our previous studies 16-3536, We

specifically selected the TIAN and Schaefer atlases since they were established using fMRI to
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optimally capture homogeneous functional brain units rendering them ideal for combining PET
and fMRI data and to maximize consistency with our previous studies in which we used these
atlases.!0-31:32.3783 A mean overlay of the inferior cerebellar reference ROI on the group-average
tau-PET image (i.e. 20-40minute SUVR) in MNI space is shown in Supplementary Fig.1, to
illustrate that the reference ROI does not overlap with sites of off-target binding in the dentate
nucleus of the cerebellum. All brain-atlas data and the inferior cerebellar reference ROI were
further masked with binary subject-specific gray-matter maps to restrict later-extraction of ROI-
mean values to gray-matter regions and to avoid signal spill in from adjacent white 'matter or CSF
regions. Mean ROI values were extracted for the TIAN and Schaefer ROIs and z-score normalized
to an in-house reference sample of 9 healthy control subjects (meantSD age=72.2+10.51,
female/male=4/5). Mean distributions of the resulting cortical and subcortical perfusion and tau-
PET z-scores in the patient cohort are shown in Supplementary Fig.2, illustrating the presence of
both abnormal perfusion-PET (i.e. z-zscore below -1.5) and-abnormal tau-PET (i.e. z-score above
1.5). All statistical analyses described in the manuseript were performed on z-score transformed
PET SUVRs. To determine the robustness of our findings, wealso determined DVR -based z-scores

scores using kinetic modelling (i.e. STRM2)as implemented in the Qmodeling software package.**

For assessing functional connectivity between the 200 Schaefer and 32 TIAN ROIs, we used 3T
resting-state fMRI data from 69 cognitively normal controls of the ADNI cohort that had no
evidence of clinically relevant cerebral amyloid or tau pathology, as indicated by negative '3F-
florbetapir amyloid-PET (i.e. global SUVR<1.11) ° and negative '8F-flortaucipir tau-PET scans
(i.e. global*SUVR<I1.3) 46. An in-depth description of the resting-state fMRI acquisition
parameters, preprocessing and methods to determine functional connectivity has been published
previously by us !6. Consistent with our previous studies, the functional connectivity matrix was
thresholded at 30% to eliminate negative and noisy connections, and transformed to connectivity -

based distance where shorter distance indicates stronger connectivity.3!-37-38

Statistics

To assess whether subcortically elevated '3F-PI-2620 tau-PET binding signal is associated with

reduced cortical perfusion-PET, we used linear regression, controlling for age and sex. Additional
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models were run controlling for '8F-PI-2620 tau-PET binding signal averaged across all cortical
ROlIs, to ensure that associations between subcortical tau and cortical hypoperfusion are not driven
by concomitant cortical tau deposition. Furthermore, ROI-wise linear regressions were carried out
to assess if regional perfusion-PET reductions are associated with higher subcortical '3F-PI1-2620
tau-PET binding signal, controlled for age, sex and !'8F-P1-2620 tau-PET binding signal‘in the
corresponding cortical ROI. To adjust for multiple comparisons across the 200 cortical ROlIs, p-
values were FDR -corrected at an alpha level of 0.05. To determine whether cortical hypoperfusion
patterns followed the connectivity of subcortical tau epicenters on the group-level; we assessed
10% of subcortical regions with the highest tau-PET z-scores and assessed their mean functional
connectivity-based distance to the 200 cortical ROIs using according to the ADNI-derived
functional connectivity template. Using linear regression, we then tested whether tau epicenter
connectivity was associated with cortical perfusion-PET z-scores, controlling for tau-PET z-scores
in corresponding cortical ROIs. The same analyses were also performed at the subject level, by
defining 10% of subcortical regions with the highest tau-PET signal as patient-specific epicenters
and usage of cortical perfusion-PET z-scores.on subject level. Beta-values of the subject-level
regression-derived association between tau epicenter connectivity and cortical perfusion-PET were
extracted across the 51 subjects. To determine whether beta-values were significantly different
from zero, we performed a one-sample t-test and obtained 95% confidence intervals across the

regression-derived beta values:

Lastly, we tested whether regions with strongest hypoperfusion can be predicted on the subject-
level. To this end, weadopted a pre-established approach that organizes cortical regions into four
quartiles, depending. on their connectivity to the subject-level tau epicenter (i.e. Ql=strongest
connectivity torthe tau epicenter vs. Q4=weakest connectivity to the tau epicenter) 314748 We
determined mean perfusion-PET z-scores in Q1-Q4 ROIs for each subject and determined
differences between Q1-Q4 perfusion-PET z-scores using paired t-tests. Statistical analyses were

computed using R statistical software version 4.0.2 http://www.R-project.org; 4°

Results

The final sample included 51 patients with clinical diagnosis of PSP variants (n=26) or CBS (n=25)
and negative amyloid-biomarker status to rule out confounding AD-type 3/4R tau pathology.
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Group-mean renderings of abnormality in cortical perfusion-PET (i.e. adjusted to a pons reference
region) and tau-PET (i.e. adjusted to an inferior cerebellar reference region) are shown in Fig.
1A&B, illustrating abnormal tau-PET signal (i.e. z-scores falling above 1.5) in subcortical and
primary sensorimotor regions, as well as hypoperfusion (i.e. z-scores falling below -1.5) in
cingulate and lateral frontal brain regions, in line with previous studies '0-18.20-24 Group-average
slice-view tau-PET images are shown in supplementary Figure 3. Sample demographics and

clinical characteristics can be found in Table 1.

Higher subcortical tau-PET is associated with global cortical perfusion reductions

To address our first aim, we investigated whether higher tau-PET signal in subcortical epicenters
of tau pathology are associated with an overall reduction.in cortical perfusion-PET. To this end,
we identified patient-specific tau epicenters (i.e. 10% of subcortical brain regions with highest tau-
PET z-scores) and averaged the tau-PET SUVR z-scores across subcortical tau epicenters. To
determine overall cortical perfusion, we averaged the perfusion-PET SUVR z-scores across the
200 cortical Schaefer ROIs. Using linear regression, we could confirm that higher '3F-PI-2620 tau-
PET binding signal in subcortical -epicenters is indeed linked to lower cortical perfusion-PET,
controlling for age and sex (=-0.263, p=0.038, Fig.2A). This association was consistent when
additionally controlling for average cortical tau-PET SUVR z-scores (i.e. the mean across the 200
Schaefer ROIs; p=-0:361; p=0.009), or when additionally altering the etau picenter threshold
(5/15/20%: b=-0.333/-0.375/-0.387, p=0.016/0.007/0.006), indicating that associations between
subcortical tau and cortical hypoperfusion are not specifically driven by concomitant cortical '8F-
PI-2620 /tau-PET iincreases or by the specific size definition of the epicenter. These results
remained consistent when determining tau epicenters based on DVR-based z-scores instead of
SUVRs (Supplementary Fig.4A). We also determined linear models to test the association between
subcortical tau and cortical perfusion for each of the 200 cortical ROlIs, controlling for age, sex
and cortical tau of the corresponding ROI. Here, we found that higher subcortical '3F-PI1-2620 tau-
PET signal was associated with lower perfusion in widespread bilateral association cortices after
FDR-correction for multiple comparisons, with strongest effects found in medial and lateral frontal
regions (Fig.2B, replication using DVR-based tau-PET z-scores shown in Supplementary Fig.4B).

Importantly, these results were independent of local cortical tau-PET levels. Overall, these results
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support the hypothesis that subcortical tau-PET increase, i.e. indicative ofhigher 4R tau pathology,

is associated with reduced perfusion as a marker of neuronal dysfunction in the cortex.

Cortical perfusion patterns follow the connectivity of subcortical tau epicenters

To address our second aim, we determined whether elevated tau-PET in the subcortex is
specifically linked to reduced perfusion-PET in those cortical regions that are-most connected to
the subcortical tau epicenter. To this end, we defined group-average tau-PET and-perfusion-PET
patterns and determined 10% of subcortical ROIs with highest tau-PET .z-scores signal the
epicenters of tau pathology (Fig.3A). Next, we used the functional connectivity template derived
from 69 healthy elderly controls and determined the connectivity-based.distance of the group-level
tau epicenters to the 200 cortical Schaefer ROIs (Fig.3B). Using linear regression, we found that
connectivity of the subcortical tau epicenters indeed aligned with cortical perfusion-PET patterns
(Fig.3C), where regions that were more closely connected to the tau epicenters showed overall
lower perfusion (B=0.637, p<0.001, R2=0.41; Fig.3D). Again, this result pattern remained
consistent when controlling for cortical tau-PET in corresponding ROIs (=0.565, p<0.001,
R?=0.32; Fig.3D), suggesting that lower cortical perfusion is linked to tau in connected subcortical
tau epicenters rather than cortical tau. Again, these results were consistent when changing the size
definition of the epicenter (i.e. 5/15/20%, b=0.533/0.544/0.445, p<0.001 for all thresholds), or
when using DVR-based tau-PET z-scores to define tau epicenters (Supplementary Fig.5A).

Patient-level cortical hypoperfusion follows the connectivity of subcortical tau epicenters

To address our third aim, we determined whether the link between tau epicenter connectivity and
lower cortical perfusion can be recapitulated on the subject-level, and therefore explain inter-
individual heterogeneity in tau deposition and cortical perfusion patterns. Therefore, we applied
the above-described approach to patient level tau-PET and perfusion-PET data. Specifically, we
determined tau-epicenters (i.e. 10% of subcortical ROIs with highest tau-PET) for each patient and
extracted seed-based functional connectivity-based distance of these tau epicenters to the 200
cortical ROIs using the connectivity template. We then used subject-specific linear regression

models to assess whether the connectivity-based distance of the tau epicenters was associated with

10
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cortical perfusion while controlling for tau-PET in corresponding cortical ROIs and extracted
subject-level standardized regression coefficients (i.e. P-values). The mean standardized [-
coefficients of the association between epicenter connectivity and cortical perfusion were
significantly greater than zero (mean: 0.142; 95% CI[0.072;0.212], t(50)=4.06, p<0.001, Fig.3E),
supporting the hypothesis that reduced cortical perfusion is observed predominantly in regions that
are functionally most closely connected to the tau epicenters in 4R tauopathies. This result was
further confirmed using linear mixed models across subjects, using epicenter connectivity as a
predictor of cortical perfusion, controlling for age, sex and random intercept (b/SE=0.172/0.01,
T=16.303, p<0.001). To illustrate this concept further, we assessed subject level cortical perfusion-
PET grouped into four quartiles depending on the connectivity-to the tau epicenter (i.e.
QI=strongest connectivity to the subcortical tau epicenter vs. Q4=weakest connectivity to the tau
epicenter, Fig.4). In line with the previous analyses, we found that cortical perfusion-PET
reductions followed the connectivity of the subcortical tau“epicenters, with strongest perfusion
reduction in Q1 whereas the perfusion deficit became.weaker across Q2-Q4 regions (Fig.4). All
results remained consistent when altering the tau epicenter threshold between 5-20% or when using
DVR-based tau-PET z-scores to determing ‘tau epicenters (Supplementary Fig.5B&C). Overall,
these findings provide converging-evidence that subject-level patterns of cortical hypoperfusion in
4R tauopathy patients follow the connectivity pattern of subcortical tau epicenters, with strongest
perfusion reductions in those brain regions that are most closely connected to a given individuals

tau epicenter.

Discussion

Using a fully dynamic '8F-PI-2620 tau-PET scanning protocol to simultaneously model cerebral
perfusion and tau deposition, we confirmed previous evidence that PSP and CBS patients with
clinically suspected 4R tauopathies show predominant subcortical tau-PET increase %1830, while
perfusion reductions extend into the cortex beyond the primary sites of PET-assessed 4R tau
deposition 2-17-21:222% Based on these initial confirmatory results, our key aim was to determine
whether subcortical 4R tau deposition induces cortical hypoperfusion in spatially remote but
connected brain regions. Supporting this, our main findings were first, that elevated subcortical

I8F-PI-2620 tau-PET was indeed associated with overall reduced cortical perfusion-PET levels and
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second, that the patterns of cortical hypoperfusion specifically followed the resting-state fMRI-
assessed functional connectivity patterns of those subcortical epicenter regions. Thirdly, we found
that patient-specific reductions in cortical perfusion were most prominent in those regions that had
the strongest connectivity to a given subjects’ subcortical tau epicenter. In summary, these findings
provide in vivo evidence for a mechanistic model of 4R tauopathy-related brain changes, showing
that subcortical tau deposition may induce remote neuronal dysfunction in connected cortical
regions which may explain the complex clinical manifestation of cortical. and subcortical

symptoms in PSP and CBS 7.

For our first major finding, we report that elevated subcorticaltau deposition is linked to overall
lower cortical perfusion levels, particularly in lateral frontal and cingulate predilection sites of
hypoperfusion or glucose hypometabolism that have:been previously described in 4R tauopathy
patients '7-2021 Tmportantly, these results remained fully consistent when statistically controlling
for tau-PET levels in corresponding cortical regions, indicating that more abnormal subcortical
tau-PET levels explain cortical hypoperfusion beyond putative co-occurring cortical tau pathology
17,20,21,29,51,52 Qubcortical predilection sites for 4R tau deposition such as the basal ganglia have
widespread connections to the cortex, embedded in complex neuronal circuits involved in
movement, arousal, and cognitive functions 334, Subcortical damage induced by neurotoxic 4R
tau deposits may therefore induce disbalance within cortico-subcortical circuits that manifest as
dysfunction in cortical regions that are not yet directly affected by severe tau deposition 2-35-%_ This
view is conceptually in line with previous neuroimaging studies showing remote cortical glucose
hypometabolism, hypoperfusion and cortical symptoms following subcortical stroke, together
supporting the view that subcortical damage can manifest in spatially remote cortical dysfunction

and associated clinical deficits 7-5°.

Beyond a mere association between subcortical tau deposition and cortical hypoperfusion, our
results illustrate further, that cortical hypoperfusion patterns specifically follow the functional
connectivity ofthose subcortical brain regions with strongest tau deposition (i.e. epicenters). Here,
group-level mappings indicate that the subcortical tau epicenters show strongest connectivity to
anterior cingulate and lateral frontal brain regions, i.e. regions that had on average also the

strongest reduction in perfusion-PET in line with previous studies (i.e. see Figure 3) 2021 In
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contrast, more posterior brain regions with weak connectivity to the tau epicenters showed
relatively preserved cortical perfusion. Supporting the robustness and generalizability of this
mechanistic association, the associations between tau epicenter connectivity and hypoperfusion
patterns were replicable for subject-level PET data, suggesting that the heterogeneity in subeortical
tau deposition and cortical hypoperfusion patterns are potentially explained by variable
connectivity patterns of subcortical epicenters of 4R tau aggregation °. This is further supported
by our finding that subject-specific cortical sites of strongest perfusion reductions could be
predicted by identifying those brain regions that were most closely connected to a‘given subjects
tau epicenter (i.e. Q1). Therefore, a connectomic framework to cross-link’ tau deposition and
neuronal dysfunction on the patient level may be a promising ~future approach to guide
personalized neuroimaging readouts to improve the detection of therapeutic effects on neuronal
dysfunction in clinical trials, as previously suggested by us:and.others for Alzheimer’s disease 3391,
From a mechanistic point of view, our results provide critical support for the hypothesized remote
development of cortical dysfunction in 4R tauopathy patients, where 4R tau associated subcortical
damage induces dysfunction particularly in spatially remote but nevertheless closely connected
brain regions. Since we reported previously that cortical hypoperfusion rather than subcortical '8F-
PI-2620 tau-PET increases are associated with symptom severity in PSP 718 it will be a key next
step to assess whether cortical’dysfunction associated with subcortical tau deposition can explain

the extensive heterogeneity in ¢linical symptom manifestation across 4R tauopathies 2-62.

A key strength of the current study is that all associations between cortical hypoperfusion and
connectivity of subecortical tau epicenters were statistically controlled for cortical tau deposition,
thereby fortifying the.concept of remote cortical hypoperfusion rather than simply being explained
by co-localized; cortical tau deposition. Controlling for cortical tau levels is a critical step, since
wepreviously showed that brain-wide tau deposition patterns assessed in vivo via '3F-P1-2620 tau-
PET or post-mortem also follow the seed-based connectivity of tau epicenters, in line with previous
evidence that tau spreads across synaptic connections similar to AD !6-33.63-65 Yet, our current
results suggest that cortical hypoperfusion is not fully explained by the spreading of tau from the
subcortex to connected cortical regions, but further aggravated by altered communication with
subcortical tau epicenters. Therefore, it will be an important next step to characterize how
subcortical tau deposition alters neuronal signalling and communication with cortical regions,

thereby introducing changes in cortical perfusion. Addressing this question may help identify
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therapeutic approaches to reduce the impact of subcortical tau on cortical dysfunction, which may
translate into attenuated clinical disease manifestation and progression !7. Furthermore, the deeper
mechanistic understanding of cortical dysfunction due to altered neuronal communication to
subcortical regions affected by tau may help establish novel read-outs in clinical trials: With
cortical neuronal dysfunction potentially constituting the bridge between subcortical tau
accumulation and clinical symptomatology !7, individual cortical hypoperfusion patterns could be
used to objectively assess effects of tau reducing treatments and their impact on clinical
presentation. An additional strength is the usage of a pre-established cutting-edge '8F-P1-2620 PET
neuroimaging protocol that allows simultaneous assessment of tau deposition and cerebral
perfusion as a marker of neuronal dysfunction in the same scanning session, thereby minimizing
bias introduced by day-to-day physiological and technical variability=17-29-%0 In addition, we have
performed extensive in vivo neuroimaging, post mortem autoradiographic and in vitro competition
assay analyses that support the capability of !3F-PI-2620 to-bind to 4R tau fibrils, particularly in
relatively early imaging windows 20-40 minutes after tracer injection, rendering '8F-PI-2620 a
promising tracer for in vivo imaging of 4R tau 13:15:16.18:66 Fyrther, we have shown that early-phase
I8F-P1-2620 perfusion imaging yields comparable results to perfusion imaging with amyloid-PET
tracers and '*FDG-PET, overall supporting the feasibility of early-phase perfusion-PET protocols

to assess neuronal dysfunction‘in 4R tauopathy patients 2%-69,

However, several limitations should also be highlighted for the interpretation of the current results.
To date, a final diagnosis of 4R tauopathies can only be made post-mortem, hence inclusion for
the current study was exclusively based on established clinical criteria for the diagnosis of PSP
and CBS 233 By excluding amyloid-biomarker (i.e. PET or CSF) positive patients, we aimed to
limit the likelihood of concomitant AD-type 3/4R tau pathology, and to maximize the likelihood
of 4R tau_as an underlying cause of clinical symptoms, however, we cannot fully exclude the
confound of other pathologies other than 4R tau on our current results until biomarker-based
diagnosis of 4R tauopathies is fully established. Further, it is not entirely clear how sensitive PI-
2620 binds to intracellular tau deposits in vital cells, or whether only tau deposits left behind by
dead cells are visualized. Addressing this in future studies will be important to further determine
at what stage 4R deposits can be visualized with PI-2620. In addition, we did not assess
associations between clinical heterogeneity, cortical perfusion, and subcortical tau deposition, due

to limited availability of clinical scores in the current sample (see table 1). Also, overall perfusion
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reductions are relatively low in the current sample, so that a clinically more advanced patient
collective would be desirable to replicate the current findings. However, we caution that clinically
more advanced patients may be more difficult to recruit for a relatively demanding MRI and PET-
imaging protocol. Further, we employed resting-state fMRI as a marker of connectivity, which is
determined based on shared inter-regional BOLD activity, and overlaps to a large degree, but not
fully, with structural connectivity assessed via diffusion MRI ¢7. We specifically used functional
connectivity due to its well-established ability to assess subcortical to cortical-connectivity and to
map multi-synaptic connections which may underlie the remote neuronal dysfunction that are
typically not captured by diffusion imaging 23989 Additionally, as in several of our previous
studies, resting-state fMRI templates were derived from healthy controls of another dataset, since
resting-state fMRI data were not systematically collected in the current sample !6-31,324765 This
connectivity template does not capture inter-individual variability in functional connectivity, as
well as possible disease-related connectivity changes, which both might exert an influence on
cortical neuronal dysfunction patterns induced by subcortical tau deposition. Thus, we are
currently collecting high quality subject' level resting-state fMRI data (i.e. connectome
fingerprinting), to determine in a next step whether subject-level functional connectivity patterns
change in 4R -tauopathy patients, and explain the heterogeneity of cortical dysfunction to a greater
extent 7%, Lastly, the current study. followed a cross-sectional study design and is consequently
unable to reveal the suggested temporal sequence of subcortical tau accumulation and cortical
dysfunction. To support the concept of a remote cortical dysfunction as a consequence of
subcortical tau-accumulation, future longitudinal studies are needed, which are currently initiated

at our site.

Together, our results strongly suggest that subcortical tau deposition can induce cortical neuronal
dysfunction in connected regions in 4R tauopathies. To our knowledge this is the first patient study
to establish a mechanistic relationship between two hallmark neuroimaging markers of 4R
tauopathies, i.e. cortical dysfunction and subcortical tau deposition, which is critical for
understanding pathophysiological mechanisms and inter-individual variability in disease
manifestation. The remote cortical dysfunction in 4R tauopathy patients described in this study
could therefore serve as an imaging-guided readout to estimate treatment-effects in clinical trials

targeting tau pathology or its downstream effects on neuronal integrity and function.
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Figure legends

Figure 1 Spatial mapping of abnormal tau-PET (A) and abnormal perfusion-PET (B) across
the 51 PSP/CBS patients. Abnormality was defined as the probability of z-scores crossing pre-
established z-score threshold of 1.5 for tau-PET and -1.5 for perfusion-PET. Tau-PET images were
intensity normalized to aninferior cerebellar reference, perfusion-PET images were normalized to

a Pons reference.

Figure 2 _Scatterplot illustrating the association between tau-PET z-scores in the tau
epicenter and cortical perfusion-PET z-scores for global (A) and regional perfusion-PET

data (B; regions of non-significant association are depicted in grey )

Figure 3 Illustration of the workflow to determine whether the connectivity of subcortical
tau epicenters predicts cortical hypoperfusion patterns. For group-level data, subcortical tau
epicenters were determined as 10% of ROIs with highest tau-PET z-scores (A). Using the resting-
state fMRI connectivity template determined in the 69 healthy control subjects, we assessed seed-

based connectivity of the subcortical tau epicenters to the cortex (B) and assessed mean perfusion-
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PET z-scores across the sample of 51 4R tauopathy patients (C). The association between tau
epicenter connectivity and cortical perfusion-PET z-scores is illustrated in the scatter-plot (D).
Note that connectivity is displayed as connectivity distance, where shorter distance indicates
stronger connectivity. The same analyses were performed on subject-level data, yielding a
regression-derived beta-value for the association between tau epicenter connectivity and cortical
perfusion controlling for cortical tau-PET levels. The distribution of beta-values is:shown in the
boxplot (E), illustrating that regions more strongly connected to the epicenter show stronger

perfusion reductions (i.e. positive beta-values as in panel D).

Figure 4 Subcortical tau epicenters were defined for each‘subject, and cortical ROIs were
grouped into 4 quartiles (i.e. Q1-Q4) depending on the connectivity strength to the subject-
specific tau epicenter, with Q1 showing the strongest connectivity to the epicenter. The boxplot
illustrates that regions more closely connected to the tau epicenter showed stronger hypoperfusion
than regions that were less strongly connected to the tau epicenters. P-values were determined

based on paired t-tests.

Table | Study cohort and demographics

CBS (n=25) PSP? (n=26) p-value
Age 707 £570 705 +7.14 0938
Sex (f/m) 15/10 10/16 0.208
PSPRS® 272 +110 276 £ 149 0.944
MoCA® 208 £522 238 £358 0.174
SEADL? 60.0 £ 189 658 £20.2 0493

Mean distribution and standard deviation of age, sex, PSPRS,MoCA and SEADL across the CBS and PSP study cohort. T -tests did not yield any
significant differences between PSP and CBS patients.

*Diagnoses:PSP-Richardson Syndrome, n=19; PSP Progressive Gait Freezing, n=I, PSP Parkinsonism, n=2, PSP Speech/Language Variant, n=4.
5PSPRS available for 20/51 subjects.

‘MoCA available for 27/51 subjects.

9SEADL available for 22/51 subjects.
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