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Abstract: Progressive supranuclear palsy (PSP) is a neurodegenerative disease characterized by four-
repeat tau deposition in various cell types and anatomical regions, and can manifest as several clinical
phenotypes, including the most common phenotype, Richardson’s syndrome. The limited availability
of biomarkers for PSP relates to the overlap of clinical features with other neurodegenerative disorders,
but identification of a growing number of biomarkers from imaging is underway. One way to increase
the reliability of imaging biomarkers is to combine different modalities for multimodal imaging. This
review aimed to provide an overview of the current state of PSP hybrid imaging by combinations of
positron emission tomography (PET) and magnetic resonance imaging (MRI). Specifically, combined
PET and MRI studies in PSP highlight the potential of [18F]AV-1451 to detect tau, but also the
challenge in differentiating PSP from other neurodegenerative diseases. Studies over the last years
showed a reduced synaptic density in [11C]UCB-J PET, linked [11C]PK11195 and [18F]AV-1451
markers to disease progression, and suggested the potential role of [18F]RO948 PET for identifying
tau pathology in subcortical regions. The integration of quantitative global and regional gray matter
analysis by MRI may further guide the assessment of reduced cortical thickness or volume alterations,
and diffusion MRI could provide insight into microstructural changes and structural connectivity
in PSP. Challenges in radiopharmaceutical biomarkers and hybrid imaging require further research
targeting markers for comprehensive PSP diagnosis.

Keywords: progressive supranuclear palsy; neurodegenerative diseases; radiological biomarkers;
radiopharmaceutical biomarkers; diagnosis

1. Introduction

Among the Parkinsonian syndromes, progressive supranuclear palsy (PSP) is a rare
but severe form of Parkinsonism characterized by vertical supranuclear gaze palsy, postural
instability, and cognitive impairment [1]. Specifically, PSP belongs to the four-repeat (4R)
tauopathies, characterized by brain parenchymal accumulation of a specific isoform of the
protein tau [2–4].

In the clinical context, the diagnosis of PSP may still be challenging, although the
International Parkinson and Movement Disorder Society Clinical Diagnostic Criteria (MDS-

Cells 2023, 12, 2776. https://doi.org/10.3390/cells12242776 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells12242776
https://doi.org/10.3390/cells12242776
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0001-9042-7806
https://orcid.org/0000-0002-8120-2223
https://orcid.org/0000-0002-7106-9270
https://doi.org/10.3390/cells12242776
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells12242776?type=check_update&version=3


Cells 2023, 12, 2776 2 of 35

PSP) capture the multifaceted phenotypical presentations of PSP by the application of
four functional domains (i.e., ocular motor dysfunction, postural instability, akinesia, and
cognitive dysfunction), which have been defined as clinical key features of PSP [5]. Based
on molecular pathology, PSP as a 4R tau proteinopathy has various clinical subtypes, pri-
marily determined by diverse neuroanatomical distribution patterns of the underlying tau
pathology [6]. Neuronal loss and gliosis occur in the cortical and subcortical core areas.
Additionally, there is the deposition of pathological tau protein in neurons, oligodendro-
cytes, and astrocytes. The tau pathology observed in neurons is primarily characterized
by large globular neurofibrillary tangles, while oligodendroglial deposits are denoted as
“coiled bodies”, and the tau pathology in astrocytes is identified by “tufted astrocytes”, also
known as astrocytic tangles [3]. The distribution patterns of pathologies differ by subtype,
with prevailing subcortical pathology, particularly in basal ganglia such as the globus
pallidus, nucleus subthalamicus, and brainstem, including also the nucleus subthalamicus,
substantia nigra, colliculi, locus coeruleus, and raphe nuclei [4]. The lower olives and
dentate nucleus in the cerebellum are also affected, albeit to a lesser extent.

Corticobasal degeneration (CBD) is a significant differential diagnosis to PSP, due to
them both being 4R tauopathies [7]. Specifically, CBD exhibits similar tau pathology as
compared to PSP, affecting neurons, oligodendroglia, and astroglia. Pre-tangles in nerve
cells are the most prominent neuropathology of tau in the cerebral cortex, basal ganglia, and
brainstem. Astrocytic plaques are another component, appearing mainly in the cerebral
cortex. In comparison to the “tufted astrocytes” found in PSP, the astrocytes in this case
contain deposits in the distal processes, giving rise to a plaque-like structure. The oligoden-
droglial pathology is reminiscent of that in PSP, characterized by “coiled bodies”. Other
characteristics include swollen neurons, neuronal loss, and surface-level laminar spongiosis,
particularly in cortical areas like the frontal and cingulate cortex [8]. The astroglial pathol-
ogy represents the initial lesion, while during early stages, neuronal pathology becomes
dominant, whereas in advanced disease stages, glial pathology outweighs involvement
of astroglia. Clinical symptoms include gradual rigidity, clumsy limb movements, and
cortical signs such as alien or anarchic limb phenomenon, dystonic postures, and gait
disruption [7].

Therefore, an early and accurate diagnosis of PSP is crucial for best patient care and
clinical management [9], particularly in the light of the debilitating effects of the disease
on patients and their families. Of note, PSP has a rapid progression rate and substantially
affects a patient’s quality of life, entailing severe disability and mortality [10,11]. In addition,
the considerable rate of misdiagnoses regarding PSP increases the burden on healthcare
resources and affects the allocation of appropriate treatment options [12]. While there are
no disease-modifying treatments available for PSP to date, management can be offered in
the sense of primarily symptomatic and supportive care [1,13]. Hence, there is an urgent
need for the development of disease-modifying therapies to improve patient outcomes and
reduce the socio-economic burden of the disease [4].

The development of diagnostic biomarkers for PSP diagnosis is essential on the way to
facilitate early diagnosis and accurate differentiation between Parkinsonian syndromes [14].
Neuroimaging provides the opportunity to identify neuroanatomical correlates of the clini-
cal presentation and disease process of PSP in vivo, and several imaging techniques have
shown potential as methods to derive diagnostic biomarkers [15–18]. As part of ongoing
research for the diagnosis and monitoring of PSP, it is important to emphasize the develop-
ment of innovative imaging techniques in combination with biochemical biomarkers. By
combining positron emission tomography (PET) and magnetic resonance imaging (MRI),
the PET/MRI hybrid imaging method stands out as a powerful tool for the evaluation
of neurodegenerative diseases. It allows for the simultaneous assessment of structural,
functional, and molecular aspects of the brain. This approach provides valuable insights
into the pathological processes associated with neurodegenerative disorders, enabling
earlier and more accurate diagnoses, as well as a comprehensive understanding of disease
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progression. In essence, the combination of PET and MRI may allow for a comprehensive
assessment of PSP-related changes across the brain [15,19].

Against this background, this review aimed to provide an overview of the current
state of the role of PET/MRI hybrid imaging in the assessment of PSP, following the review
by Whitwell and colleagues that has been published together with the MDS-PSP clinical
criteria in 2017 [5,15]. In addition, PET/MRI hybrid imaging is discussed in terms of the
diagnostic potential in comparison with other techniques, and a perspective is provided
on future directions for the development of novel diagnostic biomarkers (with a focus on
radiopharmaceuticals).

2. Methods

2.1. Literature Search Strategy

A literature review was conducted with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines [20]. During the systematic search
conducted in June 2023, articles were collected from PubMed (https://www.ncbi.nlm.nih.
gov/pubmed/ (accessed on 31 August 2023)), which were published after the publication
by Whitwell et al. [15].

The search queries and keywords were as follows: (a) “progressive supranuclear palsy”
AND “positron emission tomography” AND “magnetic resonance imaging”; (b) “progres-
sive supranuclear palsy” AND “positron emission tomography” AND “MRI”; (c) “progres-
sive supranuclear palsy” AND “PET” AND “magnetic resonance imaging”; (d) “progres-
sive supranuclear palsy” AND “PET” AND “MRI”. In total, this search yielded 42 database
entries. These records were carefully checked for the following criteria: (a) the studies had
to be published in a peer-reviewed journal in English language; (b) only human studies
with in vivo cranial MRI were considered; (c) reviews and case reports (less than at least 3
contributing PSP patients) were excluded; (d) publications only concerning study planning
(thus not reporting original findings) were excluded.

2.2. Identified Articles

Finally, 21 original research articles were considered for the present review, all cov-
ering combined PET/MRI studies or studies that performed both PET and MRI shortly
after each other and used respective multi-modal data in the same study (Figure 1). Given
the lack of studies making use of MRI beyond coregistration/normalization purposes,
according to initial title and abstract screening, a focus was set on radiopharmacy and
the PET component of the respective included studies. Given the exposed role of PET
imaging and radiopharmaceuticals in this review, the first part of the results (Section 3.1)
comprehensively summarizes methodological aspects of PET imaging, together with ra-
diopharmaceutical developments relevant to the study of neurodegenerative diseases in
general and PSP in particular. The second part of the results (Section 3.2) focuses on the
findings of the 21 identified research articles.

https://www.ncbi.nlm.nih.gov/pubmed/
https://www.ncbi.nlm.nih.gov/pubmed/
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Figure 1. PRISMA flow diagram illustrating the literature review and study selection process. In
total, 21 original research articles were included in the present review.

3. Results

3.1. Methodological Overview for PET

Imaging by PET is based on the injection of radiolabeled tracers that usually bind to
specific targets in the brain, mainly allowing for the visualization of changes in metabolism,
blood flow, and receptor density [21]. In recent years, considerable advancements in neu-
roimaging techniques and developments of diverse radiotracers have enabled researchers
to visualize tau in tauopathies [22]. The radioligands are typically labeled with radioiso-
topes such as carbon-11 [11C] or fluorine-18 [18F] that have relatively short half-lives,
making them optimal for clinical and experimental imaging [23].

The widely recognized tracer [18F]fluorodeoxyglucose (F18-FDG), which has been
firmly established s many decades, has been the subject of numerous studies [24–26].
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Studies have revealed distinct metabolic patterns in regional glucose metabolism that
mirror regional alterations in neural network activity in conditions such as idiopathic
Parkinson’s Disease (IPD), multiple system atrophy (MSA), PSP, and CBD [27,28]. The
utilization of [18F]FDG-PET is currently a topic of ongoing debate, as it has the potential to
enhance diagnostic precision and assist in differentiation among these disorders [25,29–32].

3.1.1. First-Generation Tau Tracers

As most first-generation tau PET tracers, [18F]FDDNP was first developed to image
the paired helical filament and amyloid-beta (Aβ) plaques found in Alzheimer’s disease
(AD), demonstrating non-specific binding to tau aggregates [33]. More recent work con-
ducted with this tracer showed that there is an increased [18F]FDDNP binding in the
midbrain, subthalamic regions, and cerebellar white matter of PSP patients [22]. Subcortical
and cortical tracer uptake also increased with disease severity [34]. Nevertheless, a lack
of specificity of this tracer raises concerns regarding its use in imaging PSP-related tau
pathology, given its affinity for Aβ [35,36]. Specifically, while aiming to utilize this tracer
for tau imaging, the elevated signal observed in the lateral temporal regions of dementia
patients, compared to those without dementia, was attributable to amyloid-beta rather than
tau [37]. This result has been supported by the concurrent decrease in cerebrospinal fluid
(CSF) Aβ levels [38].

Among the first generation of tau PET tracers, [18F]AV-1451 (flortaucipir) demon-
strated highly selective binding to tau over Aβ and obtained approval by the U.S. Food and
Drug Administration (FDA) for diagnostic procedures [39,40]. However, there are mixed
results concerning whether in vivo [18F]AV-1451 uptake correlates with the neuropatho-
logical distribution of tau characteristics for PSP [41]. Specifically, PSP patients exhibited
increased [18F]AV-1451 retention in the midbrain and left dentate nucleus, distinguishing
them from controls, CBD patients, and other frontotemporal lobe dementia patients [42,43].
In addition, CBD patients demonstrated elevated [18F]AV-1451 uptake bilaterally in the
premotor and motor cortices compared to controls, as well as in the globus pallidus com-
pared to both PSP patients and controls [44]. Notably, [18F]AV-1451 exhibits a high affinity
for monoamine oxidase-B, highlighting a concern of off-target binding associated with this
tracer [45].

The big choice of different [18F]THK derivatives offers distinct benefits and limitations.
The initial PET study demonstrated that [18F]THK-523 showed higher retention in white
matter (WM) compared to gray matter (GM) in healthy controls (HC) [46,47]. However,
patients with AD exhibited elevated binding of [18F]THK-523 in various regions of the
neocortex and hippocampus, which correlated with the distribution of neurofibrillary
tangles (NFT) in post-mortem brain samples [48]. However, there was no relevant retention
of [18F]THK-523 in non-AD tauopathies such as PSP, which hindered its potential clinical
use [48]. To overcome the limitations of [18F]THK-523, derivates such as [18F]THK-5117
and [18F]THK-5317 were developed [49]. Initial studies primarily utilized [18F]THK-
5317 and [18F]THK-5117, and both demonstrated promising results for imaging atypical
Parkinsonism (AP) tau in vitro and in vivo [50,51]. Further, [18F]THK-5317 demonstrated
improved clinical usefulness in distinguishing patients with CBD and PSP from those with
AD [51]. However, compared with [18F]AV-1451, its sensitivity was slightly lower [52]. As
an improvement, [18F]THK-5351 was developed to address the high WM binding observed
in [18F]THK-5117 and [18F]THK-5317 [53,54]. It demonstrated lower non-specific binding
to WM, higher affinity for AD tau, and higher selectivity for tau over Aβ [55]. In this
regard, PET studies with [18F]THK-5351 indicated better GM/WM ratio, faster kinetics,
and higher binding in regions susceptible to PSP und AD pathology compared to other
derivatives of the THK spectrum and [18F]AV1451 [55–57]. While [18F]THK-5351 displayed
some off-target binding in certain regions, it still served well for the assessment of non-AD
tauopathies [53].

Another tracer of the first generation is [11C]PBB3 (Figure 2), which demonstrated
rapid uptake and binding to NFT in mice and showed promising results in differentiating



Cells 2023, 12, 2776 6 of 35

AD patients from HC with an increased PET signal in the medial and lateral temporal
cortices as well as the frontal cortex [58]. In patients with PSP, the binding of [11C]PBB3 was
prominently observed in frontoparietal WM, parietal GM, globus pallidus, subthalamic
nucleus, red nucleus, and cerebellar dentate nucleus [59,60]. This finding corresponds to
the recently defined distribution patterns of PSP-tau inclusions in the brain [3]. However,
limitations such as lipophilic metabolites, off-target binding, and metabolic instability have
restricted its use to date [61].

tt
ff

 

Figure 2. Serial transverse brain sections from [11C]PBB3-PET for (A) a patient with Alzheimer’s
disease (AD: 73 years old), with tau distribution in medial and lateral temporal cortices as well as the
frontal cortex, (B) a patient with logopenic variant primary progressive aphasia (IvPPA: 69 years old),
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with tau distribution in left temporal medial areas, (C) a patient with progressive supranuclear palsy
(PSP: 56 years old), with tau distribution in frontoparietal WM, parietal GM, globus pallidus, and
subthalamic nucleus, and (D) a patient with corticobasal degeneration (CBD: 52 years old) with tau
distribution in basal ganglia and frontotemporal areas. The single-subject T1-weighted structural
template is also presented to provide a detailed view of the brain structures. Note the off-binding
signals in (A–D), such as the dural sinus indicated by the star. The white arrows show the enhanced
tau uptake.

3.1.2. Second-Generation Tau Tracers

Studies of [18F]PM-PBB3 (or [18F]-APN-1607) demonstrated a promising ability to
capture and visualize the progressive uptake of the tracer in specific regions where tau
pathology is deposited [62]. Initial reports of [18F]PM-PBB3 PET in humans did not show
off-target binding in the basal ganglia, the thalamus, or in the monoamino-oxidase (MAO)
system, but exhibited distinct binding in the choroid plexus [63]. Because of the off-target
binding in the midbrain and basal ganglia, it represented a promising tracer especially for
4R tauopathies, as reflected by several publications [64–66]. Furthermore, in a study in
PSP using [18F]PM-PBB3, there was an uptake in the midbrain, subthalamic nucleus, and
cerebellar dentate nucleus [67]. Overall, [18F]PM-PBB3 appears to be a promising tracer for
imaging tau pathologies.

Another second-generation tracer is [18F]PI-2620 [68,69]. This particular tracer exhibits
rapid clearance from the brain and a strong binding affinity to tau aggregates, which
corresponds to the progressive stages of tau pathology according to the Braak staging
system in AD [70]. Importantly, [18F]PI-2620 does not show any non-specific binding to
MAO-A or MAO-B, substantia nigra, basal ganglia, or choroid plexus, distinguishing it
from several other candidate tracers [69,71]. Several studies have reported a consistent
binding pattern of tau tracers in PSP within the midbrain, globus pallidus, and subthalamic
nucleus [43,72–74]. Brendel et al. conducted a study that demonstrated the usefulness of
[18F]PI-2620 in improving the accuracy of diagnosing PSP [68,75]. Their findings suggested
that this tracer effectively differentiated PSP from alpha-synucleinopathies (such as PD),
AD, and controls [22,75].

Studies on [18F]MK-6240 showed favorable brain kinetics and homogeneous distribu-
tion without WM labeling [76]. Initial research revealed high affinity to NFT in AD [77].
The tracer exhibited stable profiles with no off-target binding in non-target cortical re-
gions or the basal ganglia, but showed off-target binding in the substantia nigra, striatum,
meninges, ethmoid sinus, and clivus bone [77–79]. The binding pattern of [18F]MK-6240
correlated with NFT accumulation and Braak staging in Aβ+ patients without dementia
and AD patients [78]. Compared with [18F]flortaucipir, the tracer showed similar features
capable of binding in the regions that are prone to tau deposition in AD, but with higher
standardized uptake value (SUV) ranges [80]. Additionally, [18F]RO948, another relatively
new tracer, has emerged as a promising radiopharmaceutical substance for detecting tau
pathology in subcortical regions [81]. It demonstrated a distinct binding pattern in the
globus pallidus and substantia nigra, making it valuable for differentiating PSP from other
neurodegenerative disorders [82]. While [18F]flortaucipir and [18F]PI-2620 have been used
to visualize tau pathology in cortical regions, [18F]RO948 was found to be more suitable for
detecting tau pathology in subcortical regions, which may be highly relevant in PSP [83].

In addition, there are other next-generation tau tracers that are currently less investi-
gated and not widely available, particularly regarding 4R tauopathies [54]. One candidate
is [18F]CBD-2115, which has been studied for in vitro investigations [84].

3.1.3. Recent Development of Tracers

Recent approaches that have investigated the role of synaptic loss in PSP and CBD
aimed to better understand tauopathies by mapping synaptic density based on the affinity
for a presynaptic vesicle glycoprotein (SV2A) [85,86]. One of the radiopharmaceuticals
is [11C]UCB-J. Holland et al. were able to demonstrate a significant correlation between
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synaptic loss and disease severity in PSP and amyloid-negative CBD [87]. These findings
suggest that [11C]UCB-J could serve as a marker of disease and progression, offering
potential utility in clinical trials [88,89].

An intriguing tracer is [11C]PK11195, a ligand specifically binding to the translocator
protein (TSPO) [90]. Specifically, TSPO undergoes an upregulation process on the surface
of activated microglia, facilitating the visualization of neuroinflammation within the living
brain using PET imaging [91]. Neuroinflammation encompasses complex cellular and
biochemical responses that transpire within the central nervous system (CNS) in response
to various triggers [92]. The working hypothesis suggests that neuroinflammation could
represent a central role in the initiation of various forms of dementia and neurodegenerative
disorders like PSP, involving the activation of microglial cells (i.e., specialized immune cells
residing within the CNS) [93].

3.2. General Characteristics of Identified Literature

This review identified 21 articles published between 2017 and 2023, which were
identified based on PRISMA guidelines and extracted after application of the inclusion and
exclusion criteria (Table 1, Column 1, Study number (SN) 1-21) [42,74,87,94–111].

Of note, the majority of studies used MRI merely for the purposes of spatial normaliza-
tion, co-registration of MRI and PET data, and/or anatomical reference for segmentations
of target structures, sometimes supplemented by volumetric assessments (Table 1, SN 1,
2, 3, 6, 7, 9, 10, 11, 13, 14, 15, 17, 18) [87,95,96,99,100,103–105,107–111]. Hence, relevant
MRI acquisitions were restricted to anatomical sequences such as T1-weighted (T1w) or
proton-density-weighted (PDw) imaging (Table 1, SN 1, 2, 3, 6, 7, 9, 10, 11, 13, 14, 15,
17, 18) [87,95,96,99,100,103–105,107–111]. Few studies made use of other techniques be-
yond those anatomical sequences, including diffusion-weighted imaging (DWI), functional
MRI (fMRI), and magnetic resonance spectroscopy (MRS) (Table 1, SN 5, 8, 12, 16, 19,
20) [42,94,97,98,101,106]. Nearly all studies exclusively used 3-Tesla MRI systems (Table 1,
SN 1-21 except 4 and 15) [42,87,94–110]. One study used both 1.5-Tesla and 3-Tesla MRI
systems (Table 1, SN 4) [74], and one study did not specify the MRI system used (Table 1,
SN 15) [111].

Furthermore, PET techniques varied depending on the study’s objectives. Previous
work employed PET scanners from different vendors such as General Electrics (GE) Advance
PET/computed tomography (CT) (n = 6; Table 1, SN 3, 5, 6, 11, 12, 17) [42,97,99,100,103,104],
GE Discovery PET/CT (n = 6; Table 1, SN 6, 11, 12, 15, 17) [42,99,100,102,103,111], and
Siemens Biograph HiRez XVI (n = 2), Siemens Biograph mCT (n = 4; Table 1, SN 1, 2,
18, 20) [95,96,101,107], Siemens Biograph mMR (n = 1; Table 1, SN 19) [94], GE SIGNA
PET/MRI (n = 2; Table 1, SN 10, 16) [87,98], and GE Healthcare PET/CT (n = 5; Table 1, SN
7, 8, 11, 13, 14) [105,106,108–110], while one system remained undefined in a study (Table 1,
SN 4) [74]. Attenuation correction techniques, including low-dose CT scans and 68Ge
transmission scans, were commonly integrated to enhance image precision. Radiotracers
like [18F]AV-1451 for tau pathology, [11C]PK11195 for TSPO, and [11C]UCB-J for synaptic
density measurements targeted specific biological markers. The PET data were prone to
rigorous processing, encompassing motion correction, and correction for partial volume
effects (PVE), culminating in SUVRs to quantitatively assess radiotracer concentration in
distinct brain regions. Temporal data capture occurred via multiple frames, while spatial
resolution was optimized with voxel sizes.
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Table 1. 21 articles published between 2017 and 2023 after application of the inclusion and exclusion criteria. a—years (age given as mean ± standard deviation, if
not otherwise stated); AUC—Area Under the Curve; AD—Alzheimer’s Disease; BPND—Non-Displaceable Binding Potential; CBD—Corticobasal Degeneration;
CBS—Corticobasal Syndrome; CSF—Cerebrospinal Fluid; CT—Computed Tomography; DLB—Dementia with Lewy Bodies; DTI—Diffusion Tensor Imaging;
FA—Fractional Anisotropy; f—Female; GE—General Electric; GM—Gray Matter; HC—Healthy Control; MCI—Mild Cognitive Impairment; MD—Mean Diffusivity;
min—Minutes; MMSE—Mini-Mental State Examination; MoCA—Montreal Cognitive Assessment; MRI—Magnetic Resonance Imaging; MPRAGE—Magnetization
Prepared Rapid Gradient Echo; NBS—Network-Based Statistics; NfL—Neurofilament Light; ODI—Orientation Dispersion Imaging; PD—Parkinson’s Disease;
PET—Positron Emission Tomography; PSP—Progressive Supranuclear Palsy; PSPRS—Progressive Supranuclear Palsy Rating Scale; RAVLT—Rey Auditory Verbal
Learning Test; ROI—Region of Interest; SUV—Standardized Uptake Value; SUVR—Standardized Uptake Value Ratio; UPDRS—Unified Parkinson’s Disease Rating
Scale; WM—White Matter.

Author, Year and Study
Number (SN)

Study Cohort
Radio-
Pharmaceutical

Image Acquisition Main Findings

Coakeley 2017 [96] (1)

- 6 PSP

(72.2 ± 6.8 a, 4 f)

- 6 PD

(63.7 ± 9.6 a, 3 f)

- 10 HC

(65.9 ± 9.9 a, 8 f)

[18F]AV-1451 (also known
as [18F]-T807)

- High-resolution Siemens Biograph HiRez
XVI (Siemens Healthcare,
Erlangen, Germany)

- Low-dose CT scan for attenuation correction.
- 90 min PET scan with SUVs calculated

between 60 to 90 min post-injection.
- Emission data were processed into 28 frames.
- SUVR were relative to the cerebellar cortex.

- In PET analysis, subcortical regions, particularly the
striatum, showed signals across all groups.

- In PSP, atrophy was observed by MRI, with the caudate,
thalamus, and parietal lobe exhibiting the
highest SUVRs.

- In PD all regions had SUVRs greater than 1, indicating
[18F]AV-1451 uptake above the cerebellar reference.

- No significant differences in SUVR in PSP compared to
PD or HC.

- No correlation between PSPRS and UPDRS scores and
[18F]AV-1451 uptake.

- MoCA scores were not predictors of SUVR in any of the
ROIs analyzed.

- [18F]AV-1451 may bind selectively to paired helical
filaments in AD, which differ from the straight
conformation of tau filaments in PSP.

Coakeley 2018 [95] (2)

- 6 PSP

(72.2 ±6.8 a, 4 f)

- 6 PD

(63.7 ± 9.6 a, 3 f)

- 10 HC

(65.9 ±9.9 a, 8 f)

[18F]AV-1451 ([18F]-T807)

- High-resolution Siemens Biograph HiRez
XVI (Siemens Healthcare,
Erlangen, Germany)

- Emission list mode data rebinned into
3D sinograms.

- PET acquisition from 0 to 90 min was binned
into 28 frames.

- [18F]AV-1451 binds neuromelanin in the
substantia nigra.

- Decrease in [18F]AV-1451 uptake in the substantia nigra
of patient groups vs. HC.

- Significantly higher SUVR in HC compared to PSP
and PD.

- No significant difference between mean uptake in PD
compared to PSP.
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Table 1. Cont.
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Pharmaceutical

Image Acquisition Main Findings

Passamonti 2017 [104] (3)

- 15 AD (including
amyloid-positive MCI)

(71.6 ± 8.7 a, 6 f)

- 19 PSP

(69.5 ± 5.8 a, 8 f)

- 13 HC

(67.2 ± 7.3 a, 7 f)

- Post-mortem brain tissue
(1 AD, 1 PSP, 1 HC)

18F-AV-1451 & 11C-PiB
radiotracer

- PET with GE Advance PET scanners. (GE
Healthcare, Waukesha, WI, USA)

- MRI, CSF correction, and quantification of
binding potential.

- 18F-AV-1451 BPND values distinguish with a
classification accuracy of 94.1% between AD/MCI+
patients and PSP cases.

- The accuracy for other comparisons was 85.7% for
AD/MCI+ vs. HC and 90.6% for PSP vs. HC.

- Significantly increased 18F-AV-1451 binding for AD
and PSP vs. HC.

- Binding was significantly increased in AD (vs.
PSP/HC) in the hippocampus, occipital, parietal,
temporal, and frontal cortices.

- Binding was significantly increased in PSP (vs. AD) in
the midbrain.

- Uptake was significantly increased in PSP (vs. HC) in
the putamen, pallidum, thalamus, midbrain, and
dentate nucleus.

- 18F-AV-1451 strongly bound to AD-related tau
pathology, but less specifically in PSP in
post-mortem samples.

Schonhaut 2017 [74] (4)

- 33 PSP (69.6 ± 5.7 a, 10 f)

- 26 PD

(67.1 ± 5.4 a, 12 f)

- 46 HC

(69.6 ± 5.4 a, 21 f)

- Post-mortem brain tissue
(1 clininal PSP/CBD)

18F-flortaucipir (formerly
18F-AV1451 or 18F-T807)

- PET scanner not specified.
- Multicenter study.
- SUVRs were calculated from PET data

collected 80–100 min post-injection using a
cerebellum gray matter reference region.

- Increased 18F-flortaucipir uptake for PSP in globus
pallidus, putamen, subthalamic nucleus, midbrain, and
dentate nucleus vs. PD and HC.

- Globus pallidus binding best distinguished PSP from
PD and HC: AUC = 0.89 & 0.87.

- No correlation between PSPRS or MMSE scores and
18F-flortaucipir retention in any region.

- Severe tau pathology in PSP-related brain structures
with correspondence between in vivo 18F-flortaucipir
and post-mortem samples.
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Cope 2018 [97] (5)

- 17 AD

(71 ± 9 a)

- 17 PSP

(69 ± 6 a)

- 12 HC

(67 ± 8 a)

18F-AV-1451 and 11C-PiB

- GE Advance PET scanner (GE Healthcare,
Waukesha, WI, USA) with a 15 min 68Ge
transmission scan for attenuation correction.

- 11C-PiB scans were acquired with a bolus
injection of 9.0 to 11.0 mCi, 60 min dynamic
acquisition in 69 frames.

- Non-displaceable binding potential was
assessed in specific ROIs (superior
cerebellum as reference).

- MRI: resting-state fMRI.

- In AD, a correlation was observed between
18F-AV-1451 BPND and network connectivity,
indicating that more strongly connected brain regions
had higher tau accumulation (not present in PSP
and HC).

- In AD, a strong positive correlation between
18F-AV-1451 BPND and node degree was observed.

- Conversely, in PSP, no strong positive correlations were
observed in any network.

- In PSP, tau accumulation was more focal, with higher
18F-AV-1451 BPND in midbrain and basal ganglia.

- Increasing tau burden in the midbrain and deep nuclei
was associated with strengthened cortico-cortical
functional connectivity in PSP.

- Disrupted cortico-subcortical and cortico-brainstem
interactions meant that information transfer took less
direct paths.

Passamonti 2018 [103] (6)

- 16 AD (including
amyloid-positive MCI)

(68.7 ± 8.6 a, 7 f)

- 16 PSP (68.4 ± 5.7 a, 6 f)

- 13 HC

(68.0 ± 5.3 a, 8 f)

[11C]PK11195 and
11C-PiB

- GE Advance PET scanner/GE Discovery
690PET/CT (GE Healthcare, Waukesha,
WI, USA).

- Attenuation correction by a 15 min
68Ge/68Ga transmission scan and a
low-dose CT scan.

- Injection of 550 MBq [11C]PiB and
acquisition 40–70 min post-injection, 75 min
dynamic imaging session (55 frames)
starting simultaneously with a 500 MBq
[11C]PK11195 injection.

- The PSP group vs. HC showed increased [11C]PK11195
BPND in the thalamus, putamen, and pallidum.

- In the AD/MCI+ group, there was a significant
negative correlation between the RAVLT scores
(delayed recall at 30 min) and [11C]PK11195 BPND in
the precuneus.

- Significantly increased [11C]PK11195 in the medial
temporal lobe and occipital, temporal, and parietal
cortices in AD compared to PSP and HC.

- Significantly increased [11C]PK11195 binding in the
thalamus, putamen, and pallidum in PSP compared
to HC.

- Significant correlation between RAVLT scores and
[11C]PK11195 binding in the cuneus/precuneus in AD.

- Significant correlation between PSPRS scores and
[11C]PK11195 binding in the pallidum, midbrain, and
pons in PSP.
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Whitwell 2018 [108] (7)

- 30 PSP

(median 70 a, range 65–73 a, 18 f)

- 64 age- and gender-matched
Aβ-negative HC

[18F]AV-1451 PET

- GE Healthcare PET/CT (GE Healthcare,
Waukesha, WI, USA).

- A bolus injection of 370 MBq of
[18F]AV-1451, followed by a 20 min PET
acquisition 80 min after injection.

- Subjects had MPRAGE sequences performed
within 48 h of the PET scans.

- Higher AV-1451 SUVR in AD-related regions (middle
temporal gyrus, inferior temporal gyrus, fusiform,
amygdala, entorhinal cortex and parahippocampal
gyrus) was associated with higher AV-1451 SUVR in
PSP-related regions (midbrain, globus pallidum,
thalamus, dentate nuclei of the cerebellum and
motor cortex).

- Higher PiB SUVR was not significantly associated with
AV-1451 SUVR in AD- or PSP-related regions.

- PiB(−) group showed WM atrophy in midbrain and
superior cerebellar peduncles, and GM atrophy in
frontal regions and striatum vs. HC.

- PiB(+) group showed WM atrophy in midbrain and
GM atrophy in frontal regions and striatum vs. HC.

- Aβ deposition occurs in PSP predominantly as an
age-related phenomenon, with little evidence that Aβ

and PHF-tau play a significant role in
neurodegeneration in PSP.

Sintini 2019 [106] (8)

- 34 PSP

(median 71 a, range 65–74 a, 19 f)

- 29 HC

(median 73 a, range 59–75 a, 17 f)

Flortaucipir PET
scans-[18F]AV-1451 PET

- GE Healthcare PET/CT (GE Healthcare,
Waukesha, WI, USA).

- A bolus injection of 333–407 MBq of
flortaucipir, followed by a 20 min PET scan
80 min after injection.

- Four 5 min dynamic frames after a
low-dose CT.

- MRI: DTI.

- Correlation between increased flortaucipir uptake in
the cerebellar dentate, red nucleus, and subthalamic
nucleus and decreased volume in the same regions
in PSP.

- Correlation between increased flortaucipir uptake and
decreased FA and increased MD in the superior
cerebellar peduncle, sagittal striatum, and posterior
corona radiata in PSP.

- Correlation between decreased FA and increased MD
in the body of the corpus callosum and anterior and
superior corona radiata and volume loss in the frontal
lobe in PSP.

- The red nucleus was the region with the highest
canonical weight for flortaucipir and the superior
cerebellar peduncle had the highest canonical weight
for DTI-MD.
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Whitwell 2019 [110] (9)

- 16 PSP

(68 ± 6 a, 6 f)

- 39 age-matched HC (18 f)
[18F]AV-1451 tau-PET

- GE Healthcare PET/CT (GE Healthcare,
Waukesha, WI, USA).

- Two serial [18F]AV-1451 PET scans with
12-month follow-up intervals on a GE
Healthcare PET/CT.

- Bolus injection of 333–407 MBq and a 20 min
PET scan 80 min after injection.

- Rate of midbrain atrophy was significantly increased in
PSP vs. HC.

- [18F]AV-1451 regional change measures were
significantly increased in PSP vs. HC in the pallidum,
precentral cortex, dentate nucleus, and midbrain.

- Correlation of PSP Rating Scale with change in
midbrain volume, but not with changes in the
[18F]AV-1451 measures.

- No significant associations between baseline
[18F]AV-1451 uptake and change in [18F]AV-1451
uptake over time.

Holland 2020 [87] (10)

- 14 PSP

(72.8 ± 7.7 a, 7 f)

- 15 CBD

(70.6 ± 8.2, 2 f)

- 15 HC

(68 ± 7 a, 8 f)

[11C]UCB-J and 11C-PiB

- GE SIGNA PET/MR (GE Healthcare,
Waukesha, WI, USA)

- Simultaneous 3T MRI and [11C]UCB-J (binds
to synaptic vesicle glycoprotein 2A, a marker
of synaptic density) PET imaging.

- Patients with CBS also underwent
[11C]PiB PET.

- Synaptic density was quantified using
[11C]UCB-J BPND.

- [11C]UCB-J binding was significantly decreased in
frontal, temporal, parietal, and occipital lobes,
cingulate, hippocampus, insula, amygdala, and
subcortical structures in PSP and CBD compared to HC.

- Correlation between global [11C]UCB-J binding and
PSP Rating Scale and CBD Rating Scale in PSP
and CBD.

- Correlation with the revised Addenbrookes Cognitive
Examination in PSP and CBD.

Malpetti 2020 [100] (11)

- 17 PSP

(68.3 ± 5.7 a, 7 f)

- 31 HC

(68.6 ± 7.1 a, 15 f)

[11C]PK11195 and
[18F]AV-1451 BPND

- GE Advance and a GE Discovery
690 PET/CT (GE Healthcare, Waukesha,
WI, USA).

- Correlation between regional group mean
[11C]PK11195 BPND and [18F]AV-1451 BPND across
the whole brain in PSP.

- [11C]PK11195 binding was significantly higher in the
putamen and pallidum in PSP compared to HC.

- [18F]AV-1451 binding was significantly higher in the
putamen, pallidum, thalamus, midbrain, and dentate
nucleus in PSP compared to HC.

- Principal Component Analysis identified four
components for each ligand, reflecting the relative
expression of tau pathology or neuro-inflammation in
distinct groups of subcortical and cortical brain regions.

- Correlations between PSP-RS and subcortical tau
pathology as well as neuroinflammation.
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Nicastro 2020 [42] (12)

- 23 PSP

(68.8 ± 5.8 a, 9 f)

- 23 HC

(68.7 ± 7.3 a, 11 f)

18F AV1451

- GE Advance or a GE Discovery 690 PET/CT
(GE Healthcare, Waukesha, WI, USA), with a
15 min dynamic imaging following a
370 MBq 18F-AV1451 injection.

- 18F-AV1451 BPND was determined for
specific ROIs.

- MRI: DTI.

- Significantly reduced GM volume in fronto-temporal
regions, basal ganglia, midbrain, and cerebellum
in PSP.

- Significantly reduced cortical thickness in left
entorhinal and fusiform gyrus in PSP.

- Significantly decreased FA, increased MD and RD for
PSP in the corpus callosum, bilateral internal capsule,
corona radiata, posterior thalamic radiations, cingulate
WM, superior longitudinal fasciculus, sagittal stratum,
and uncinate fasciculus in PSP.

- Higher 18F-AV1451 binding significantly correlated
with GM volume loss in frontal regions, DTI changes in
motor tracts, and cortical thinning in
parieto-occipital areas.

- Correlation between higher PSP-RS score and GM
volume loss in bilateral middle cingulate gyrus, right
middle temporal gyrus, left fusiform and middle
occipital gyri, bilateral cuneus, and left cerebellum.

- Correlation between higher PSP-RS score and increased
RD in WM facing bilateral middle temporal gyrus,
right lateral occipital gyrus, and cuneus.

Seckin 2020 [105] (13)

- 8 PPAOS, developing
Parkinsonian features
(median 66 a, range 54–74 a,
3 f)

- PSP and HC from
another study

[18F]fluorodeoxyglucose

- GE Healthcare scanner (GE Healthcare,
Waukesha, WI, USA) at baseline and the
last visit.

- Injection of 18F-FDG after a 30 min uptake
period, an 8 min 18F-FDG scan
was performed.

- Progression was observed on FDG-PET in all eight
patients, with hypometabolism especially in the
premotor cortex,

- Decline in striatal hypometabolism was observed and
was relatively symmetric.

- In four patients, greater change occurred in the left
striatum compared to the right over time.

- Absent to minimal midbrain hypometabolism was
observed across patients.

- Baseline midbrain volumes were similar to HC in all
but one patient.

- Progression was observed by the time of the last visit,
with three patients having volumes similar to PSP.
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Whitwell 2020 [109] (14)

- 105 PSP

(median 71 a, range 65–80 a, 53 f)

- 30 HC

- Post-mortem brain tissue
(21 PSP)

[18F]flortaucipir
([18F]AV-1451)

- GE PET/CT GE Discovery LS PET/CT bolus
injection of 370 MBq.

- Differences Across PSP Variants: Differences in
neuroimaging findings were observed across different
PSP variants.

- Consistent and Complementary Information: Both MRI
and flortaucipir PET provided consistent and
complementary information regarding the involvement
of different brain regions in various PSP variants.

- Subcortical Circuitry Involvement: The study explored
the subcortical circuitry typically affected in PSP and
found that each PSP variant affects a different set of
structures within this system.

- PSP-RS Findings: PSP-RS showed involvement of
various subcortical structures, including the midbrain,
striatum, subthalamic nucleus, and more. Disruptions
in the dopaminergic nigrostriatal pathway were
also noted.

- PSP-CBS and PSP-F Findings: PSP-CBS and PSP-F
variants exhibited evidence of atrophy in the superior
cerebellar peduncle, midbrain, striatum, globus
pallidus, subthalamic nucleus, and thalamus. These
variants also showed frontal cortical involvement.

- PSP-SL Findings: PSP-SL was characterized by atrophy
and flortaucipir uptake in premotor and precentral
(motor) cortex, which is typical for patients with
progressive apraxia of speech. However, it showed less
involvement of infratentorial structures.

- PSP-P and PSP-PGF Findings: PSP-P and PSP-PGF had
more restricted involvement of subcortical circuits
compared to PSP-RS. They exhibited volume loss and
elevated flortaucipir uptake in the striatum, globus
pallidus, and thalamus.

- Shared Pathophysiological Mechanisms: Some
subcortical structures, such as the striatum, thalamus,
and globus pallidus, were involved across all PSP
variants, suggesting shared
pathophysiological mechanisms.
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Zhao 2020 [111] (15)

- 19 PSP

(67.3 ± 9.1 a, 6 f)

- HC
18F-FDG-PET/CT

- GE Discovery LS PET/CT GE Discovery LS
PET/CT.

- Enlargement of 3rd ventricle in 15 cases, midbrain
atrophy in 13 cases, cerebral cortex atrophy in 8 cases,
and cerebellum atrophy in 3 cases, and
“Hummingbird” sign visible in 11 cases.

- FDG uptake was decreased in the bilateral frontal
cortex, striatum, and midbrain.

- 12 patients with PSP showed hypometabolism in the
midbrain, and 9 patients in bilateral frontal lobes when
compared to HC.

Mak 2021 [98] (16)

- 22 PSP

(70.9 ± 8.7 a, 12 f)

- 14 CBD

(70.0 ± 7.9 a, 5 f)

- 27 HC

(69.0 ± 7.3 a, 11 f)

[11C]UCB-J PET.

- GE SIGNA PET/MR GE Discovery LS
PET/CT for 90 min starting immediately.

- After [11 C]UCB-J injection (median injected
activity: 351 ± 107 MBq).

- MRI: DWI/ODI.

- Significant cortical thinning particularly in the motor
cortex and frontal cortices, and subcortical atrophy was
found in the thalamus, putamen, pallidum, and
midbrain in PSP as compared to HC.

- Significant reductions in cortical ODI were more
widespread than areas affected by atrophy in PSP as
compared to HC.

- Focal cortical thinning in motor cortex, superior frontal
cortex, and the occipital lobe, as well as atrophy in the
left putamen and bilateral pallidum in CBD as
compared to HC.

- Widespread ODI reductions were found extending
beyond the atrophy-affected motor cortices to other
regions that were relatively preserved from atrophy,
notably the temporo-parietal and cingulate cortices in
CBD as compared to HC.

- Significant bilateral ODI reductions in the caudate and
putamen where no significant GM atrophy was shown
in CBD as compared to HC.

- Reductions in cortical ODI and [11 C]UCB-J
non-displaceable binding potential in excess of atrophy
in PSP and CBD as compared to HC.

- Regional cortical ODI was significantly associated with
[11 C]UCB-J binding potential in disease-associated
regions in PSP and CBD.
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Malpetti 2021 [99] (17) - 17 PSP

(68.3 ± 5.7 a, 7 f)

[11C]PK11195
and [18F]AV-1451
(18F-flortaucipir)

- GE Advance and GE Discovery 690 PET/
CT (GE Healthcare, Waukesha, WI, USA)

- Correlation between Principal Component Analysis
components from [11C]PK11195 binding potential and
[18F]AV-1451 binding potential in the brainstem and
cerebellum and subsequent annual rate of change in
the PSPRS.

- PCA-derived 11C]PK11195 binding potential and
[18F]AV-1451 binding potential correlated with
regional brain volume in the same regions.

- Subcortical GM volumes were not significantly
correlated with subsequent clinical progression.

- Subcortical GM volumes were not significantly related
to clinical severity at baseline.

Tagai 2022 [107] (18)

- 40 PSP

(70.4 ± 6.4 a, 18 f)

- 23 AD

(66.2 ± 10.0 a, 12 f)

- 40 HC

(68.6 ± 5.7 a, 15 f)

- 5 tau-positive FTLD

18F-PM-PBB3

- Biograph mCT Flow system (Siemens
Healthcare, Erlangen, Germany), with
18F-PM-PBB3 radiotracer-generation of
SUVR images with the cerebellum, GM and
WM as reference.

- Reference regions of GM and WM covered a broad area
in HCs and were free of voxels located in regions
known to bear high tau burdens in AD and PSP.

- 18F-PM-PBB3 retentions in WM reference regions
exhibited age-related declines.

- 18F-PM-PBB3 retentions for GM reference regions were
unaffected by aging and provided SUVR with higher
contrast than cerebellar reference regions in
FTLD (CBD).

- Presented methodology for determining reference
tissues could improve the accuracy of
18F-PM-PBB3-PET measurements of tau burden.

Aghakhanyan 2022 [94] (19)

- 24 PSP

(70.9 ± 6.9 a, 12 f)

- 13 non-AD MCI controls

(63.8 ± 9.1 a, 4 f)

[18F]PI-2620

- Biograph mMR PET/MRI (Siemens
Healthcare, Erlangen, Germany) imaging.

- Distribution volume ratios were estimated to
assess tau burden.

- MRI: resting-state fMRI.

- Aberrant connectivity as shown by a significant NBS
network (consisting of 89 ROIs and 118 connections) in
PSP vs. controls.

- Significant effects of tau load on functional network
connectivity in the right globus pallidus externus and
left dentate nucleus.

- Association of the network linked with increased tau
load in the right globus pallidus externus and
hyperconnectivity of low-range intra-opercular
connections

- Association of the network linked with increased tau
load in the left dentate nucleus and cerebellar
hyperconnectivity and corticocerebellar
hypoconnectivity.
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Matsuoka 2023 [101] (20)

- 20 PSP

(70.7 ± 8.4 a, 11 f)

- 23 HC

(67.5 ± 5.1 a, 14 f)

18F-PM-PBB3

- Biograph mCT flow system (Siemens
Healthcare, Erlangen, Germany) (injected
dose: 185.7 ± 6.8 MBq).

- MRI: Single-voxel MRS.

- Correlations between apathy scale scores and
18F-PM-PBB3 SUVRs in the angular gyrus in
PSP patients.

- Tau pathologies were observed in the subcortical and
cortical structures in PSP.

- Glutathione levels of posterior cingulate cortex were
correlated with apathy scale and tau depositions in the
angular gyrus, although PSP cases did not show
glutathione level alterations compared with HC.

- Atrophy was observed in subcortical areas, and GM
volumes in the inferior frontal gyrus and anterior
cingulate cortex were positively correlated with
apathy scales.

- Synergistic contributions of tau pathologies and
glutathione reductions in the posterior cortex to apathy
scales, in parallel with associations of GM atrophy in
the anterior cortex with apathy scales.

Oliveira Hauer 2023 [102] (21)

- 23 PSP

(69.1 ± 8.4 a, 13 f)

- 22 PD

(70.9 ± 10.2 a, 9 f)

- 25 DLB

(73.9 ± 6.3 a, 5 f)

- 61 HC

(71.9 ± 8.8 a, 33 f)

[18F]RO948

- PET/CT scanners Discovery MI; (GE
Healthcare, Waukesha, WI, USA) acquired in
4 × 5 min time frames 70–90 min after bolus
injection of ~370 MBq.

- PET images were calculated as SUVR images
with inferior cerebellar cortex region as
reference.

- PET imaging with [18F]RO948 showed distinct patterns
in PSP patients, with higher SUVR values in the globus
pallidus and lower SUVR in the substantia nigra vs.
HC, DLB, and PD.

- PSP patients exhibited higher SUVRs in the globus
pallidus, suggesting specific changes in this brain
region compared to other groups.

- Conversely, PSP patients had lower SUVRs in the
substantia nigra, further distinguishing them from DLB
and PD patients.

- Combining multiple biomarkers, including PET
imaging, midbrain/pons area ratio (M:P), and CSF NfL
levels, improved the accuracy of diagnosing and
differentiating PSP from other
neurodegenerative diseases.

- M:P ratio was also significantly lower in PSP patients
vs. HC and α-synucleinopathies (DLB and PD).
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3.2.1. Findings from PET/CT with MRI Co-Registration

First, [18F]AV-1451 (also known as [18F]-T807) was used in nine of the identified
studies (Table 1, SN 1, 2, 3, 4, 7, 8, 9, 12, 14, 15) [42,74,95,96,104,106,108–111]. Further-
more, [11C]PK11195 was used in two previous studies (Table 1, SN 11, 17) [99,100], while
[11C]UCB-J was mentioned in Holland et al. (Table 1, SN 10) [87] and Mak et al. (Table 1,
SN 16) [98]. Moreover, 18F-FDG was used in Seckin et al. (Table 1, SN 13) [105], while
[18F]PM-PBB3 was mentioned in Tagai et al. (Table 1, SN 18) [107] and Matsuoka et al.
(Table 1, SN 20) [101]. Use of [18F]RO948 was mentioned in Oliveira Hauer et al. (Table 1,
SN 21) [102], and [18F]PI-2620 was investigated in Aghakhanyan et al. (Table 1, SN 19) [94].

[18F]AV-1451

The application of [18F]AV-1451, a tracer renowned for its strong affinity to tau pathology,
was used in nine studies (Table 1, SN 1, 2, 3, 4, 7, 9, 11, 14, 17) [74,95,96,99,100,104,108–110].
These investigations have unveiled compelling results, particularly in subcortical regions,
with the striatum demonstrating robust signals across all groups. Notably, significant
atrophy was detected in PSP, with the caudate, thalamus, and parietal lobe displaying the
highest standardized SUVRs [96]. Of note, despite elevated SUVRs in PSP compared to
HC, Coakeley et al. could not observe notable distinctions in SUVRs among PSP, PD, and
HC [96]. This study underscored the potential of [18F]AV-1451 in detecting tau pathology
while also underscoring the considerable challenge of distinguishing PSP from other
diseases [96]. These findings were partially confirmed by another study by Coakeley et al.,
which documented a lower uptake of [18F]AV-1451 in the substantia nigra in both PSP and
PD patients compared to HC [95]. This result suggested a promising utility in discerning
these conditions from HC; however, the study did not identify any significant differences
in mean uptake between PSP and PD [95].

In contrast, Passamonti et al. took a different approach by using [18F]AV-1451 [104].
Their results showed increased [18F]AV-1451 binding in AD and PSP compared to HC [104].
Notably, the binding patterns showed specificity to different brain regions, with AD show-
ing increased binding in cortical and subcortical areas, whereas PSP showed increased
binding in regions such as the midbrain, putamen, pallidum, thalamus, and dentate nu-
cleus, which highlighted the potential of [18F]AV-1451 to effectively discriminate between
these two conditions [104]. Also, other studies reported significantly elevated [18F]AV-1451
uptake in various regions of the brain in PSP patients when compared to both PD and
HC [74,108,110]. Specifically, regions such as the globus pallidus, putamen, subthalamic
nucleus, midbrain, precentral cortex, and dentate nucleus exhibited marked increases in
tracer uptake among PSP patients [74,108,110]. These results may indicate the promise of
[18F]AV-1451 in effectively distinguishing PSP from other neurodegenerative disorders [74].

In a related study by Whitwell and colleagues, the researchers explored the intricate
landscape of PSP variants [109]. The results unveiled distinctive patterns of involvement
among these variants: while common areas like the striatum, thalamus, anterior hippocam-
pus, and putamen were implicated, it became evident that different PSP variants exhibited
their unique signatures in terms of affected brain regions [109]. In the “classical” PSP
variant Richardson’s Syndrome (PSP-RS), elevated flortaucipir uptake was observed in the
pallidum, putamen, thalamus, subthalamic nucleus, and red nucleus, and, additionally,
increased uptake was noted in the caudate, midbrain (specifically the superior aspects of
the substantia nigra), dentate nucleus of the cerebellum, and cerebellar GM [109]. In the
PSP-Speech/Language (PSP-SL) variant, there was increased flortaucipir uptake in the
pallidum, putamen, thalamus, and the frontal lobe, with greater uptake specifically in the
left hemisphere [109]. A milder uptake was observed in the subthalamic nucleus, midbrain
(including the red nucleus and substantia nigra), and cerebellar GM [109].

For both the PSP-Predominant Parkinsonism (PSP-P) and PSP-Progressive Gait Freez-
ing (PSP-PGF) variants, more focal patterns of uptake were observed, primarily in the
putamen and pallidum, with some additional regions of elevated uptake identified at a
less stringent statistical threshold [109]. Conversely, in the PSP-Corticobasal Syndrome
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(PSP-CBS) variant, no regions of elevated flortaucipir uptake were found compared to
controls [109].

[11C]UCB-J

Holland et al. used [11C]UCB-J PET imaging to study synaptic density in PSP and
CBD patients compared to HC, aiming to assess its diagnostic and disease progression
monitoring potential for tauopathies [87]. Their findings showed significant widespread
reductions in [11C]UCB-J (indicating synaptic density) in PSP and CBD patients compared
to HC across various brain regions, both cortically and subcortically [87]. In PSP patients,
the most pronounced synaptic density reductions were localized in the medulla, substantia
nigra, pallidum, midbrain, pons, and caudate nucleus [87,98]. In CBD patients, significant
reductions occurred in the medulla, hippocampus, amygdala, caudate nucleus, insula, and
thalamus. Notably, these synaptic losses were observed even in regions without significant
GM atrophy, demonstrating the sensitivity of [11C]UCB-J PET in the identification of early
synaptic changes preceding structural alterations [87].

[11C]PK11195 and [18F]AV-1451

In the study by Passamonti et al., the results showed increased [11C]PK11195 binding
in the thalamus, putamen, and pallidum when comparing PSP patients with HC [104]. Im-
portantly, significant correlations were found between [11C]PK11195 binding and cognitive
phenotype/performance and disease severity, highlighting its potential as a diagnostic and
monitoring marker for PSP [103,104].

A study by Malpetti and colleagues further investigated this relationship between
[11C]PK11195 binding and [18F]AV-1451 binding in PSP, showing a significant correlation
across the brain [99]. These PET markers were observed to be associated with baseline
disease severity and predicted subsequent clinical progression [100]. Specific brain regions
with high [11C]PK11195 binding included the brainstem, cerebellum, thalamus, and vari-
ous cortical regions in PSP patients, while high [18F]AV-1451 binding was observed in the
basal ganglia, midbrain, and thalamus [100]. Furthermore, significant positive correlations
were reported between corresponding components of [11C]PK11195 and [18F]AV-1451
binding in specific brain regions, particularly motor-related regions in PSP patients [100].
This may highlight the potential of [11C]PK11195 PET imaging, shedding light on both
neuroinflammatory components and their relationship with tau pathology and clinical out-
comes.

[18F]RO948

In a study on PSP using [18F]RO948 PET imaging, the authors found distinct patterns
of tracer uptake in different brain regions, with PSP patients having higher SUVRs in the
globus pallidus and lower SUVRs in the substantia nigra, distinguishing them from other
neurodegenerative diseases such as dementia with Lewy bodies (DLB) and PD [102]. The
combination of multiple imaging and neurochemical biomarkers, including PET imag-
ing, MRI midbrain-to-pons area ratio (M:P), and CSF neurofilament light (NfL) levels,
significantly improved the accuracy of diagnosis and differentiation of PSP from other
neurodegenerative syndromes [102].

[18F]-PM-PBB3

A different methodological approach was taken by Tagai et al., who performed 18F-
PM-PBB3 imaging on the PET/CT and then co-registered it with an MRI dataset [107].
The authors focused on improving the quantification of tau deposits by defining reference
voxels in GM and WM regions using Gaussian distributions to distinguish pathological
voxels [107]. Among the reference tissues studied (i.e., cerebellum, GM, and WM), GM
stood out for its robust diagnostic performance across all diseases and age factors [107].
This result may be particularly important in diseases such as PSP and CBD. Since the
reliability of GM assessment for quantifying tau deposits using 18F-PM-PBB3 PET imaging
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suggests that it might be favored as a reference tissue, it can help improve the accuracy
of the tau pathology assessment and advance PET imaging techniques for tau-related
diseases [107].

3.2.2. Findings from PET/MRI
[18F]PI-2620

In Aghakhanyan’s study, 24 individuals with PSP underwent [18F]PI-2620 PET/MRI
imaging to assess tau burden [94]. The study revealed that tau load in specific brain regions,
such as the right globus pallidus externus and left dentate nucleus, was associated with al-
terations in region-to-region functional connectivity as assessed by resting-state functional
MRI (fMRI) [94]. Notably, the network related to an increased tau load in the right globus
pallidus externus exhibited hyperconnectivity in low-range intra-opercular connections,
while the network linked to increased tau load in the left cerebellar dentate nucleus showed
cerebellar hyperconnectivity and cortico-cerebellar hypoconnectivity [94,106]. These find-
ings pointed to aberrant connectivity, as evidenced by a significant network-based statistic
(NBS) network in PSP compared to HC, consisting of 89 regions of interest (ROIs) and
118 connections [94]. The study demonstrated the significant impact of tau load on func-
tional network connectivity, thus shedding light on the synergistic effects of tau pathology
on brain networks in PSP [94].

[11C]UCB-J

In the study by Holland et al., a comprehensive neuroimaging approach was employed
to investigate PSP and CBD in comparison to HC [87]. Specifically, PET imaging using
[11C]UCB-J revealed widespread reductions in synaptic density in various brain regions
of PSP and CBD patients, even in regions without significant GM atrophy [87]. Notable
reductions were seen in specific regions, such as the medulla, substantia nigra, pallidum,
midbrain, pons, and caudate nucleus in PSP, and the medulla, hippocampus, amygdala,
caudate nucleus, insula, and thalamus in CBD [87,98]. Correlations were established be-
tween [11C]UCB-J binding potential and cognitive performance, highlighting its potential
role as a diagnostic and disease progression marker [87]. Meanwhile, MRI analysis demon-
strated significant cortical thinning and subcortical atrophy in specific regions, extending
beyond areas affected by atrophy. These findings emphasize the synergy of assessing
both synaptic density and structural changes in tauopathies, offering a comprehensive
understanding of disease progression [87,98].

In the study by Mak et al., the analysis integrated both PET/MRI findings to pro-
vide a comprehensive understanding of the synergistic effect in the context of PSP and
CBD. The PET imaging component revealed significant global reductions in the binding
potential of [11C]UCB-J, indicative of synaptic density, in patients with PSP and CBD
compared to HC [98]. These reductions encompassed various cortical and subcortical
brain regions, with specific areas affected, such as the medulla, substantia nigra, pallidum,
midbrain, pons, and caudate nucleus in PSP, and the medulla, hippocampus, amygdala,
caudate nucleus, insula, and thalamus in CBD [98]. Importantly, the study highlighted
that synaptic loss was evident even in brain regions not exhibiting significant GM atrophy,
underlining the potential of synaptic PET as a valuable approach for diagnosis and disease
progression monitoring [98]. The MRI findings utilizing T1w imaging supplemented the
PET results, given that PSP patients displayed significant cortical thinning and subcortical
atrophy, particularly in the motor cortex, frontal cortices, thalamus, putamen, pallidum,
and midbrain [98]. In CBD patients, focal cortical thinning was observed in the motor
cortex, superior frontal cortex, and occipital lobe, alongside subcortical atrophy in the left
putamen and bilateral pallidum [98]. Notably, cortical thinning extended beyond regions
affected by atrophy, encompassing the temporo-parietal and cingulate cortices [98]. This
integration of PET and MRI findings highlights the intricate relationship between structural
and synaptic changes in PSP and CBD, offering insights into early pathological alterations
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in these tauopathies and emphasizing the value of a dual-modality approach for a more
comprehensive understanding of disease progression [98].

3.2.3. Findings from PET with Multi-Modal MRI

Only six of the included studies reported on the application of additional (advanced)
MRI sequences in addition to anatomical imaging with T1w or PDw sequences (Table 1,
SN 5, 8, 12, 16, 19, 20) [42,94,97,98,101,106]. Cope et al. used resting-state fMRI in a cohort
of AD patients, PSP patients, and HC in conjunction with whole-brain graph-theoretical
analysis to systematically investigate global and local network characteristics (such as nodal
connectivity strength and other metrics) [97]. A major finding was that strongly connected
nodes displayed more tau pathology in AD, independently of intrinsic connectivity, and
nodes that accrued pathological tau were those that displayed graph metric properties
associated with increased metabolic demand and a lack of trophic support rather than
strong functional connectivity in PSP [97]. Hence, PSP appeared to be linked to a small
number of subcortical structures, and increased tau burden in the midbrain and deep nuclei
was associated with strengthened cortico–cortical functional connectivity in PSP [97].

Furthermore, a study by Aghakhanyan et al. also used resting-state fMRI in PSP
patients and non-AD controls (with mild cognitive impairment), with the aim of extracting
seed-based connectivity measures and calculating the NBS as a cluster-level technique
based on the graph theoretical concept of connected components [94]. They found aber-
rant connectivity patterns as indicated by a significant NBS network in PSP compared to
controls, with significant effects of tau load on functional network connectivity in the right
globus pallidus externus and left dentate nucleus [94]. Associations of the network linked
with increased tau load in the right globus pallidus externus and hyperconnectivity of
low-range intra-opercular connections were revealed, as well as associations in the network
linked with increased tau load in the left dentate nucleus and cerebellar hyperconnectiv-
ity and corticocerebellar hypoconnectivity [94]. Hence, tau burden seems to align with
alterations in functional connectivity and network characteristics in PSP, thus providing
a link between accumulation and distribution of tau and the brain’s synchronization and
functioning [94,97].

Furthermore, DWI was employed by three of the studies (Table 1, SN 8, 12, 16) [42,98,106].
Sintini et al. used DWI for assessment of fractional anisotropy (FA) and mean diffusivity
(MD) of WM tracts in the context of diffusion tensor imaging (DTI) modeling among
PSP patients and HC [106]. The authors found significant associations in PSP between
increased flortaucipir uptake and decreased FA and increased MD, respectively, in the
superior cerebellar peduncle, sagittal stratum, and posterior corona radiata in PSP, and
significant associations between decreased FA and increased MD in the body of the corpus
callosum and anterior and superior corona radiata and volume loss in the frontal lobe [106].
In a similar approach, Nicastro and colleagues reported significantly decreased FA, in-
creased MD, and radial diffusivity (RD) for PSP in the corpus callosum, bilateral internal
capsule, corona radiata, posterior thalamic radiations, cingulate WM, superior longitudi-
nal fasciculus, sagittal stratum, and uncinate fasciculus in PSP, while higher 18F-AV1451
binding significantly correlated with GM volume loss in frontal regions, as well as DTI
changes in motor tracts, and cortical thinning in parieto-occipital areas, as obtained from
DTI modeling in PSP patients and HC [42]. Moreover, there was an association between
higher PSP-RS scores and increased RD in the WM close to the bilateral middle temporal
gyrus, right lateral occipital gyrus, and cuneus, thus indicating a relationship between
the brain’s microstructure and symptoms [42]. In the study by Mak et al., patients with
either PSP or CBD and HC underwent DWI with an orientation dispersion index (ODI)
modeling approach, which revealed that significant decreases in cortical ODI were more
widespread than areas affected by atrophy in PSP compared to HC, and those widespread
ODI decreases were identified even beyond the atrophy-affected regions [98]. Specifically,
reductions in cortical ODI and [11 C]UCB-J non-displaceable binding potential were found
in excess of atrophy in PSP and CBD as compared to HC [98]. Furthermore, regional cortical
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ODI was significantly associated with [11 C]UCB-J binding potential in disease-associated
regions for PSP and CBD [98]. Therefore, spatially resolved microstructural changes related
to PSP may overlap with binding profiles of tracers according to diffusion MRI [98].

A study by Matsuoka et al. applied single-voxel MRS with placements of voxels of
interest (VOIs) in the anterior as well as posterior cingulate cortex among patients with PSP
and HC [101]. This study found that glutathione levels of the posterior cingulate cortex
were associated with apathy scales and tau depositions in the angular gyrus, although
PSP cases did not show glutathione level alterations compared with HC [101]. Hence,
synergistic contributions of tau pathologies and glutathione metabolism may exist in
parallel with associations to apathy scales [101].

4. Discussion

The objective of this review was to provide an overview on studies using combined
PET and MRI in PSP, including studies extracted from a systematic literature search ac-
cording to the PRISMA guidelines and published in or after 2017. Overall, 21 studies were
finally included. In the context of assessing tau pathology in neurodegenerative diseases,
various PET tracers and MRI techniques have provided valuable findings.

The [18F]AV-1451 tracer, known for its strong affinity to tau pathology, has been a focus
in multiple studies [42,95,108,110]. These investigations consistently revealed robust signal
in subcortical brain regions, particularly in the striatum [42,110]. Notably, PSP patients
exhibited significant atrophy, with the caudate, thalamus, and parietal lobe displaying
the highest SUVRs [95,96]. However, distinguishing PSP from other conditions like PD
remains challenging. Some studies suggested the utility in discerning PSP from HC, with
lower uptake in the substantia nigra in both PSP and PD patients; however, difficulties
arose in differentiating PSP from PD due to overlapping binding patterns given that there
is comparable tracer uptake distribution in particular for brain regions linked with tau
pathology, such as the midbrain and globus pallidus [43,72,74]. Specifically, PSP patients
displayed increased tracer uptake in regions associated with PSP tau pathology, which
partially overlapped with PD, particularly in subcortical areas [43]. The lack of specificity
in ligand binding led to limitations in precisely quantifying 18F-flortaucipir (AV-1451)
in subcortical structures, particularly impairing its usefulness for detecting PSP in its
early stages [3,43]. On the contrary, other studies found elevated [18F]AV-1451 binding in
various brain regions in PSP patients, making it a promising tool for distinguishing PSP
from other neurodegenerative disorders [108,110]. Furthermore, when exploring different
PSP variants, this tracer unveiled unique patterns of involvement, indicating that distinct
variants may exhibit their signatures in terms of affected brain regions [42,110]. Overall,
[18F]AV-1451 shows promise in detecting tau pathology, but distinguishing PSP from other
conditions remains challenging.

Imaging with [11C]UCB-J PET allowed the study of synaptic density in PSP and CBD
patients [87,98]. The findings consistently demonstrated significant reductions in synaptic
density in both patient groups compared to HC, spanning various brain regions, both
cortically and subcortically, and it seems striking that these reductions were observed even
in regions without significant GM atrophy, most likely indicating the tracer’s sensitivity in
identifying early synaptic changes that precede structural alterations [87,98]. This aspect
highlights the potential of [11C]UCB-J PET as a valuable diagnostic and disease progression
marker for tauopathies.

Studies employing [11C]PK11195 (i.e., TSPO imaging) revealed increased binding in
the thalamus, putamen, and pallidum when comparing PSP patients with HC, and signifi-
cant correlations were found between [11C]PK11195 binding and cognitive performance, as
well as disease severity, highlighting its potential as a diagnostic and monitoring marker for
PSP [99,103]. Additionally, a study found a significant correlation between [11C]PK11195
binding and [18F]AV-1451 binding, emphasizing a role for understanding the relationship
between neuroinflammation and tau pathology in PSP [99,104].



Cells 2023, 12, 2776 24 of 35

In a study using [18F]RO948 PET imaging, distinctive patterns of tracer uptake were
observed in different brain regions in PSP patients [102]. These patients exhibited higher
SUVRs in the globus pallidus and lower SUVRs in the substantia nigra, distinguishing
PSP from other neurodegenerative diseases like DLB and PD [102]. The combination of
multiple imaging and neurochemical biomarkers, including PET imaging, MRI, M:P, and
CSF NfL levels, significantly improved the accuracy of diagnosis and differentiation of PSP
from other neurodegenerative syndromes [102]. Furthermore, a unique methodological
approach used [18F]PM-PBB3 imaging to improve the quantification of tau deposits [107].
Reference voxels in GM and WM regions were defined, enhancing the accuracy of tau
pathology assessment and advancing PET imaging techniques for tau-related diseases [107].
Notably, GM showed robust diagnostic performance across all diseases and age factors,
making it a favored reference tissue [107].

A study employing [18F]PI-2620 PET/MRI unveiled the association between tau load
in specific brain regions and alterations in functional networks [94]. Specifically, PSP
patients displayed aberrant connectivity in the right globus pallidus externus and left
dentate nucleus, indicating the significant impact of tau pathology on brain networks [94].
This highlights the synergistic effects of tau pathology on brain networks in PSP. Further-
more, other work integrated PET and MRI findings to provide a more comprehensive
understanding of PSP and related tauopathies [94]. Such integrative approaches can reveal
synaptic loss in brain regions without significant GM atrophy, emphasizing the impor-
tance of assessing both synaptic density and structural changes [94]. This study shed light
on early pathological alterations in these diseases, offering insights into disease progres-
sion and highlighting the value of dual-modality approaches for a more comprehensive
understanding of the disorders.

Intriguingly, only a few studies were identified that used both PET and MRI beyond the
acquisition and analysis of anatomical imaging such as T1w and PDw [42,94,97,98,101,106].
In those studies, diffusion MRI was mostly applied alongside PET, which can assess regional
microstructural alterations [112–116]. In this regard, DTI is by far the most widely applied
modeling approach for diffusion MRI, which can enable the assessment of anisotropy and
structural orientation that is relevant as water molecules diffuse very differently depending
on tissue microarchitecture and integrity [112,113,116]. Commonly, quantitative measures
representative of certain diffusion properties are extracted, such as FA (i.e., directional
diffusion preference) or MD (i.e., molecular diffusion rate) [112,113,116]. Correspondingly,
two of the three studies using DWI also applied the DTI model, revealing associations
between tracer binding or uptake and alterations of such measures [42,106]. Importantly, an
association between higher PSP-RS scores and increased RD has been shown for certain WM
regions, thus providing a link between diffusion MRI findings and clinical symptoms [42].
The remaining study used ODI for the characterization of microstructure changes beyond
the classical DTI model [98]. It is known that the DTI model has inherent limitations such
as low spatial resolution relative to the underlying WM structure (with typical voxel sizes
in the range of 2–3 mm), or a tensor model that assumes that all fibers within a voxel are
well-described by a single orientation estimate [117–119]. Furthermore, the standard tensor
models diffusion as a Gaussian distribution, which does not appear to reflect biological
reality [117–119]. Hence, more advanced models and extracted parameters (e.g., ODI) may
help to provide more accurate assessments of the WM architecture. Another perspective
could be provided by free-water (FW) and FW-corrected FA maps from a bi-tensor model,
given that the presence of FW (i.e., water molecules that are not restricted by the cellular
environment and therefore do not display a directional dependence) can considerably bias
diffusion indices and lead to reduced FA and increased MD values [120]. Indeed, elevated
substantia nigra FW has been demonstrated for PD and AP [121]. Yet, beyond the substantia
nigra, PSP, but not PD, showed a broad network of elevated FW and FW-corrected FA
that included the basal ganglia, thalamus, and cerebellum [121]. An approach such as
FW correction is particularly attractive, as it would work with standard diffusion MRI
sequences that are nowadays widely acquired by the neuroimaging community (e.g., 64
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gradient directions and b-values of 0/1000 s/mm2) and do not require too much scanning
time when combined with imaging acceleration techniques.

The hybrid PET/MRI approach offers several strengths, including the simultaneous
acquisition of PET and MRI data in a single procedure, providing a comprehensive dataset
that has been derived from the same scanning session, hence restricting the time gap
between information from different sequences to a minimum and delivering sequences
that are in ultimately high spatial correspondence (if no repositioning and no movement
of the patient has occurred) [122]. This concurrent acquisition allows for accurate atten-
uation correction related to detailed anatomical information from high-resolution MRI
data. Additionally, improved differentiation of soft tissues contributes to more precise
attenuation correction values. Specifically, concurrent acquisition with PET/MRI facilitates
a more precise attenuation correction than techniques that solely rely on PET or less com-
prehensive anatomical data [122]. However, challenges include potential artifacts arising
from interactions between PET and MRI methods, such as magnetic susceptibility artifacts,
attenuation correction mismatches, and distortions in PET images due to the magnetic field
during simultaneous acquisition [123–125]. These factors may introduce inaccuracies and
compromise the overall reliability of the imaging data. The integration of these technologies
also involves complex instrumentation and is associated with higher costs compared to
stand-alone systems [126].

In contrast, the separate PET and MRI approach with subsequent co-registration also
contains several advantages and disadvantages. Independent attenuation correction is a
notable advantage, potentially leading to higher accuracy. Reduced artifacts result from the
lower likelihood of interactions between PET and MRI technologies, providing flexibility in
the study design with different imaging protocols for each modality. However, challenges
arise from temporal differences between separate PET and MRI scans, leading to poten-
tial inaccuracies in attenuation correction and other postprocessing steps [126]. Motion
correction—a crucial process for aligning dynamic PET data with static MRI images—
becomes challenging due to temporal disparities. Furthermore, variations in physiological
parameters such as changes in blood flow or tissue density between scans, can impact
the accuracy of correction methods [124]. These temporal discrepancies may introduce
uncertainties in the alignment of anatomical structures, potentially compromising the
effectiveness of corrections and leading to errors in the final imaging results. Achieving
accurate alignment of anatomical structures between PET and MRI data can be challeng-
ing, introducing the possibility of errors [127]. In cases where CT is used for attenuation
correction in PET, there may be increased radiation exposure compared to the hybrid
PET/MRI approach. Additionally, stand-alone PET may have limitations in differentiating
soft tissues compared to the hybrid approach [126]. While both approaches have their
strengths and limitations, the choice between hybrid PET/MRI and separate PET and MRI
with co-registration depends on factors such as specific clinical requirements, available
technologies, and the nature of the imaging study.

Moving on to the specific correction techniques in the domain of attenuation correction,
the hybrid PET/MRI approach excels by allowing simultaneous acquisitions of PET and
MRI data, leveraging enhanced accuracy from detailed anatomical information in MRI
data. The notable absence of a radiation source for attenuation correction is a benefit when
compared to PET/CT, which becomes especially relevant in repetitive examinations or
for examinations in patients at younger age [122,126,127]. However, challenges include
potential artifacts from PET and MRI technology interactions. Conversely, separate PET
and MRI acquisitions with co-registration provide independent and potentially more robust
attenuation correction for each modality system, hence likely improving accuracy. Never-
theless, challenges such as temporal differences between PET and MRI scans and the need
for an additional radiation source (from CT) may persist. Attenuation correction remains a
major methodological challenge in integrated PET/MRI systems, necessitating MRI-based
approaches that account for bone tissue, lung, and MRI hardware impact on PET fields [125].
Issues related to subject motion, truncation, and susceptibility artifacts are addressed, with
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standard MRI-based techniques discussed alongside advanced methods, including deep
learning (DL) approaches [125]. Specifically, DL approaches have demonstrated potential in
mitigating attenuation correction challenges by leveraging their ability to learn complex re-
lationships between MR images and corresponding attenuation maps. These methods offer
promise in improving the accuracy of attenuation correction, especially in scenarios where
traditional techniques may fall short [128]. In terms of partial volume correction, the hybrid
PET/MRI strategy offers potential advantages with its simultaneous data acquisition. It
enables a more accurate estimation of partial volumes by using high-resolution MRI data
for precise anatomical definitions, which becomes especially relevant for tissue segmenta-
tions and ROI definitions (especially when it comes to rather small brain structures) [129].
In case of separate PET and MRI with joint registration of datasets, independent partial
volume correction for each modality system is a potential strength that can lead to higher
accuracy. However, challenges include difficulties in accurately aligning anatomical struc-
tures between PET and MRI data, which can lead to partial volume correction errors similar
to attenuation correction [130]. Temporal differences between the two modalities further
complicate the correction process. In motion correction, the hybrid PET/MRI approach
with simultaneous acquisition offers strengths in reducing motion artifacts and utilizing
MRI data for precise correction. However, challenges include artifacts from technology
interactions and MRI sensitivity to movements. Subject motion, particularly from breathing
and cardiac activity, is a recurring challenge in imaging studies, and movement of the pa-
tient may become more likely with more extensive imaging protocols [124]. While periodic
motion can be controlled using external devices, unpredictable motion poses difficulties.
External devices have limitations in characterizing complex internal organ motion, but PET
and MRI data can provide detailed information for motion modeling. Integrating these
methods into a workflow for routine clinical studies is challenging, but holds potential for
improving image quality and reducing motion-related artifacts. In addition, with modern
MRI software, parallel imaging, spiral imaging, or even image reconstruction using artificial
intelligence can be realized, which can considerably decrease necessary acquisition times
while providing high-quality images in general [131–135]. Hence, multi-sequence imaging
protocols can become more and more feasible, given that, with such imaging techniques,
more pulse sequences could be principally acquired in a limited amount of time.

While both radiological and radiopharmaceutical biomarkers have shown promise
in PSP diagnosis, they each have limitations and may not provide sufficient diagnostic
accuracy on their own [15]. Combining multiple biomarkers may offer a more compre-
hensive approach to PSP diagnosis [102,106]. The advantage of combining radiological
and radiopharmaceutical biomarkers for PSP diagnosis is that the combination provides
complementary information about the disease process and structural and functional brain
changes associated with the disease [18]. For example, the next-generation tau PET tracer
[18F]PI-2620 and resting-state fMRI have been used to assess functional connectivity and
network alterations in PSP patients [94,136]. In these studies, PSP patients showed altered
functional connectivity and tau load in specific brain regions in relation with changes in
functional networks [94,136]. Such an approach can provide valuable information about
the downstream effects of neuropathology on brain functionality in PSP [136]. In the
analysis of the combination of PET and MRI, standardized tools could be applied like
the MR Parkinsonism Index (MRPI) [137]. This volumetric method has a high sensitiv-
ity and specificity and thus facilitates individual differentiation, which offers a benefit
in distinguishing patients with PSP from those with PD and MSA-Parkinsonism at an
individual level [137,138]. After its first description in 2008 [137], automated MRPI calcula-
tion techniques have been successfully applied to large multi-national datasets [139]. An
automated new version called MRPI2.0 has been developed for further improvement of the
standardized volumetry [140]. These approaches could be important to standardize the
MRI measures in patients with PSP across centers, with a positive impact on multicenter
studies and clinical trials.
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Despite progress in the development of biomarkers for PSP diagnosis, several chal-
lenges and limitations remain. One major challenge is the complexity of PSP pathophysiol-
ogy, which involves the accumulation of tau protein and degeneration of multiple brain
regions [15,141]. The intricate nature of PSP and related neurodegenerative disorders has
indeed posed challenges in pinpointing specific biomarkers that can reliably distinguish
PSP from other conditions. The complex pathological overlaps and clinical similarities
among these disorders have contributed to this difficulty [142,143]. Additionally, there is
considerable heterogeneity in the clinical presentation of PSP, which can further complicate
diagnosis when considered in combination with imaging. There are several technical issues
associated particularly with PET imaging that can impact the quality and reliability of
results [130,144]. For example, image resolution can be limited, particularly for small struc-
tures such as the hippocampus [145]. Any PVE can also be a challenge where the signal
from a small ROI is contaminated by activity from surrounding areas [74,99,100,146,147],
implying the risk for underestimation of the signal and false-negative results [148]. Several
approaches, including the geometric transfer matrix, enhanced iterative reconstructions,
improved MRI-based attenuation correction, and point spread function modeling, can
significantly enhance PET image quality, thereby reducing and addressing PVE [149–152].
Additionally, head motion during scanning can also impact the accuracy of PET images, as
well as the quality of MRI data when multi-modal approaches with longer scan times are
planned. Further, combined biomarker approaches for PSP diagnosis can be hampered by
the costs and availability of technology used for biomarker testing, as especially combined
PET/MRI systems may not be widely accessible in clinical settings. Despite advancements
in imaging pulse sequence protocols as well as tracer developments, it is crucial to em-
phasize that, at the current stage, none of the available imaging modalities may be able
to differentiate PSP from PD in individual patients with very high specificity [17,153,154].
While group data may reveal statistically significant differences in terms of differentiation,
caution is warranted in clinical practice, where individual diagnosis remains a complex
challenge and where patients present with a broad spectrum of disease stages [5]. Relying
solely on group data for clinical decision-making may not accurately reflect the intricacies
of individual cases. Recognizing the limitations of exclusive reliance on group data, an
imperative shift toward more nuanced diagnostic strategies becomes evident. Particu-
larly, integrating multi-modal approaches and combining various methods and sequences
emerges as a promising avenue to enhance the precision and effectiveness of differentiation
at the individual level [155].

An additional limitation arises from the in vivo reference standard of clinical crite-
ria for syndrome diagnosis, which, while effective, is not as accurate as post-mortem
histopathological examinations. This introduces the possibility of misdiagnosed cases,
where individuals with PSP may be incorrectly diagnosed as having PD, thus entering
imaging studies with the correct diagnosis in question [156]. Acknowledging this limitation
is crucial for interpreting and contextualizing imaging results accurately. Correlation of
in vivo imaging findings to findings from histopathology remains essential, serving as
the ultimate reference standard for refining and validating imaging findings, especially
in the dynamic landscape of neurodegenerative diseases [157]. Future research into PSP
biomarkers should prioritize the development of multimodal biomarker methods that
integrate clinical and imaging biomarkers. These approaches should be validated in large,
multi-center cohorts of patients with PSP and other neurodegenerative disorders to ensure
their accuracy and reliability. Further research is also needed to identify novel biomarkers
that can provide insight into the underlying pathophysiology of PSP, including genetic
and molecular biomarkers. Finally, it is important to develop biomarkers that can accu-
rately predict disease progression and treatment response in PSP, which can aid in the
development of personalized treatment strategies for patients with PSP.
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5. Conclusions

Radiopharmaceutical biomarkers and PET imaging have emerged as a valuable tool
in the study of neurodegenerative diseases like PSP, particularly in the imaging of tau
protein aggregates. However, there are several challenges associated with tau PET imaging,
including off-target binding, inconsistencies between ante- and post-mortem findings, and
technical limitations. When combined with multiparametric and especially quantitative
MRI, a more comprehensive and accurate approach to PSP diagnosis could be realized
that is based on the complementary use of metabolic, macro- and microstructural, and
functional information. However, only a few studies have been published over recent years
that employed MRI sequences beyond anatomical T1w imaging.

In the future course for PSP diagnosis and its integration into clinical practice, it is
imperative to explore biomarkers that offer specificity and precision. These innovative
biomarkers encompass various categories, including diagnostic biomarkers, facilitating
early disease identification; monitoring biomarkers, adept at tracking disease progression;
response biomarkers, enabling the assessment of intervention efficacy; predictive biomark-
ers, offering insights into patient outcomes; and prognostic biomarkers, shedding light
on the disease course. These biomarkers should not only advance our comprehension of
the underlying disease pathology but also play a pivotal role in expediting early clinical
interventions and for the development of more efficacious treatment strategies [133]. Fu-
ture directions for developments in PSP diagnosis should involve the identification of new
biomarkers that can provide additional information about the underlying pathology of the
disease and could potentially facilitate earlier intervention and treatment.

Author Contributions: Conceptualization, J.K., J.S. and H.-P.M.; methodology, J.K. and J.S.; valida-
tion, J.K., J.S., H.-P.M. and N.S.; formal analysis, J.S. and N.S.; investigation, J.S., N.S. and H.-P.M.;
resources, H.-P.M., N.S. and J.S.; data curation, J.S.; writing—original draft preparation, J.S. and N.S.;
writing—review and editing, J.S., H.-P.M., A.C.L., A.J.B., N.S. and J.K.; supervision, J.K.; project
administration, A.J.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: No new data were created in this review. Data sharing is not applicable
to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Boxer, A.L.; Yu, J.-T.; Golbe, L.I.; Litvan, I.; Lang, A.E.; Höglinger, G.U. Advances in progressive supranuclear palsy: New
diagnostic criteria, biomarkers, and therapeutic approaches. Lancet Neurol. 2017, 16, 552–563. [CrossRef]

2. VandeVrede, L.; Ljubenkov, P.A.; Rojas, J.C.; Welch, A.E.; Boxer, A.L. Four-Repeat Tauopathies: Current Management and Future
Treatments. Neurother. J. Am. Soc. Exp. NeuroTher. 2020, 17, 1563–1581. [CrossRef]

3. Kovacs, G.G.; Lukic, M.J.; Irwin, D.J.; Arzberger, T.; Respondek, G.; Lee, E.B.; Coughlin, D.; Giese, A.; Grossman, M.; Kurz, C.;
et al. Distribution patterns of tau pathology in progressive supranuclear palsy. Acta Neuropathol. 2020, 140, 99–119. [CrossRef]

4. Stamelou, M.; Respondek, G.; Giagkou, N.; Whitwell, J.L.; Kovacs, G.G.; Höglinger, G.U. Evolving concepts in progressive
supranuclear palsy and other 4-repeat tauopathies. Nat. Rev. Neurol. 2021, 17, 601–620. [CrossRef]

5. Höglinger, G.U.; Respondek, G.; Stamelou, M.; Kurz, C.; Josephs, K.A.; Lang, A.E.; Mollenhauer, B.; Müller, U.; Nilsson, C.;
Whitwell, J.L.; et al. Clinical diagnosis of progressive supranuclear palsy: The movement disorder society criteria. Mov. Disord.

Off. J. Mov. Disord. Soc. 2017, 32, 853–864. [CrossRef]
6. Chung, D.C.; Roemer, S.; Petrucelli, L.; Dickson, D.W. Cellular and pathological heterogeneity of primary tauopathies. Mol.

Neurodegener. 2021, 16, 57. [CrossRef] [PubMed]
7. Svenningsson, P. Corticobasal degeneration: Advances in clinicopathology and biomarkers. Curr. Opin. Neurol. 2019, 32, 597–603.

[CrossRef] [PubMed]
8. Kovacs, G.G. Tauopathies. In Handbook of Clinical Neurology; North-Holland Publishing Company: Amsterdam, The Netherlands,

2017; Volume 145, pp. 355–368. [CrossRef]
9. Greene, P. Progressive Supranuclear Palsy, Corticobasal Degeneration, and Multiple System Atrophy. Continuum 2019, 25, 919–935.

[CrossRef] [PubMed]

https://doi.org/10.1016/S1474-4422(17)30157-6
https://doi.org/10.1007/s13311-020-00888-5
https://doi.org/10.1007/s00401-020-02158-2
https://doi.org/10.1038/s41582-021-00541-5
https://doi.org/10.1002/mds.26987
https://doi.org/10.1186/s13024-021-00476-x
https://www.ncbi.nlm.nih.gov/pubmed/34425874
https://doi.org/10.1097/WCO.0000000000000707
https://www.ncbi.nlm.nih.gov/pubmed/31145128
https://doi.org/10.1016/b978-0-12-802395-2.00025-0
https://doi.org/10.1212/CON.0000000000000751
https://www.ncbi.nlm.nih.gov/pubmed/31356287


Cells 2023, 12, 2776 29 of 35

10. Morgan, J.C.; Ye, X.; Mellor, J.A.; Golden, K.J.; Zamudio, J.; Chiodo, L.A.; Bao, Y.; Xie, T. Disease course and treatment patterns in
progressive supranuclear palsy: A real-world study. J. Neurol. Sci. 2021, 421, 117293. [CrossRef]

11. Greten, S.; Wegner, F.; Jensen, I.; Krey, L.; Rogozinski, S.; Fehring, M.; Heine, J.; Doll-Lee, J.; Pötter-Nerger, M.; Zeitzschel, M.; et al.
The comorbidity and co-medication profile of patients with progressive supranuclear palsy. J. Neurol. 2023. Online ahead of print.
[CrossRef]

12. Barer, Y.; Cohen, R.; Grabarnik-John, M.; Ye, X.; Zamudio, J.; Gurevich, T.; Chodick, G. Progressive supranuclear palsy’s
economical burden: The use and costs of healthcare resources in a large health provider in Israel. J. Neurol. 2023, 270, 3770–3778.
[CrossRef] [PubMed]

13. Barer, Y.; Chodick, G.; Cohen, R.; Grabarnik-John, M.; Ye, X.; Zamudio, J.; Gurevich, T. Epidemiology of Progressive Supranuclear
Palsy: Real World Data from the Second Largest Health Plan in Israel. Brain Sci. 2022, 12, 1126. [CrossRef] [PubMed]

14. Smith, D.T.; Casteau, S.; Archibald, N. Spatial attention and spatial short term memory in PSP and Parkinson’s disease. Cortex A J.

Devoted Study Nerv. Syst. Behav. 2021, 137, 49–60. [CrossRef] [PubMed]
15. Whitwell, J.L.; Höglinger, G.U.; Antonini, A.; Bordelon, Y.; Boxer, A.L.; Colosimo, C.; van Eimeren, T.; Golbe, L.I.; Kassubek, J.;

Kurz, C.; et al. Radiological biomarkers for diagnosis in PSP: Where are we and where do we need to be? Mov. Disord. Off. J. Mov.

Disord. Soc. 2017, 32, 955–971. [CrossRef] [PubMed]
16. Whitwell, J.L.; Tosakulwong, N.; Clark, H.M.; Ali, F.; Botha, H.; Weigand, S.D.; Sintini, I.; Machulda, M.M.; Schwarz, C.G.; Reid,

R.I.; et al. Diffusion tensor imaging analysis in three progressive supranuclear palsy variants. J. Neurol. 2021, 268, 3409–3420.
[CrossRef]

17. Saeed, U.; Lang, A.E.; Masellis, M. Neuroimaging Advances in Parkinson’s Disease and Atypical Parkinsonian Syndromes. Front.

Neurol. 2020, 11, 572976. [CrossRef] [PubMed]
18. Messerschmidt, K.; Barthel, H.; Brendel, M.; Scherlach, C.; Hoffmann, K.-T.; Rauchmann, B.-S.; Rullmann, M.; Marek, K.;

Villemagne, V.L.; Rumpf, J.-J.; et al. 18F-PI-2620 Tau PET Improves the Imaging Diagnosis of Progressive Supranuclear Palsy. J.

Nucl. Med. Off. Publ. Soc. Nucl. Med. 2022, 63, 1754–1760. [CrossRef] [PubMed]
19. Castiglioni, I.; Gallivanone, F.; Gilardi, M.C. Quantitation and Data Analysis in Hybrid PET/MRI Systems. In PET-CT and

PET-MRI in Neurology; Ciarmiello, A., Mansi, L., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 23–30.
20. Panic, N.; Leoncini, E.; de Belvis, G.; Ricciardi, W.; Boccia, S. Evaluation of the endorsement of the preferred reporting items for

systematic reviews and meta-analysis (PRISMA) statement on the quality of published systematic review and meta-analyses.
PLoS ONE 2013, 8, e83138. [CrossRef]

21. Ichise, M.; Meyer, J.H.; Yonekura, Y. An introduction to PET and SPECT neuroreceptor quantification models. J. Nucl. Med. Off.

Publ. Soc. Nucl. Med. 2001, 42, 755–763.
22. Mena, A.M.; Strafella, A.P. Imaging pathological tau in atypical parkinsonisms: A review. Clin. Park. Relat. Disord. 2022, 7, 100155.

[CrossRef]
23. Cris, an, G.; Moldovean-Cioroianu, N.S.; Timaru, D.-G.; Andries, , G.; Căinap, C.; Chis, , V. Radiopharmaceuticals for PET and SPECT

Imaging: A Literature Review over the Last Decade. Int. J. Mol. Sci. 2022, 23, 5023. [CrossRef]
24. Hellwig, S.; Frings, L.; Amtage, F.; Buchert, R.; Spehl, T.S.; Rijntjes, M.; Tüscher, O.; Weiller, C.; Weber, W.A.; Vach, W.; et al.

18F-FDG PET Is an Early Predictor of Overall Survival in Suspected Atypical Parkinsonism. J. Nucl. Med. Off. Publ. Soc. Nucl.

Med. 2015, 56, 1541–1546. [CrossRef]
25. Wu, P.; Zhao, Y.; Wu, J.; Brendel, M.; Lu, J.; Ge, J.; Bernhardt, A.; Li, L.; Alberts, I.; Katzdobler, S.; et al. Differential Diagnosis of

Parkinsonism Based on Deep Metabolic Imaging Indices. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 2022, 63, 1741–1747. [CrossRef]
26. Brajkovic, L.; Kostic, V.; Sobic-Saranovic, D.; Stefanova, E.; Jecmenica-Lukic, M.; Jesic, A.; Stojiljkovic, M.; Odalovic, S.; Gallivanone,

F.; Castiglioni, I.; et al. The utility of FDG-PET in the differential diagnosis of Parkinsonism. Neurol. Res. 2017, 39, 675–684.
[CrossRef]

27. Eidelberg, D.; Moeller, J.R.; Ishikawa, T.; Dhawan, V.; Spetsieris, P.; Chaly, T.; Belakhlef, A.; Mandel, F.; Przedborski, S.; Fahn, S.
Early differential diagnosis of Parkinson’s disease with 18F-fluorodeoxyglucose and positron emission tomography. Neurology

1995, 45, 1995–2004. [CrossRef]
28. Eckert, T.; Tang, C.; Ma, Y.; Brown, N.; Lin, T.; Frucht, S.; Feigin, A.; Eidelberg, D. Abnormal metabolic networks in atypical

parkinsonism. Mov. Disord. Off. J. Mov. Disord. Soc. 2008, 23, 727–733. [CrossRef] [PubMed]
29. Pin, G.; Labouré, J.; Guedj, E.; Felician, O.; Grimaldi, S.; Azulay, J.P.; Ceccaldi, M.; Koric, L. Brain FDG-PET correlates of saccadic

disorders in early PSP. J. Neurol. 2023, 270, 4841–4850. [CrossRef]
30. Seiffert, A.P.; Gómez-Grande, A.; Alonso-Gómez, L.; Méndez-Guerrero, A.; Villarejo-Galende, A.; Gómez, E.J.; Sánchez-González,

P. Differences in Striatal Metabolism in 18FFDG PET in Parkinson’s Disease and Atypical Parkinsonism. Diagnostics 2022, 13, 6.
[CrossRef] [PubMed]

31. Houssein, N.J.; Henriksen, A.C.; Hejl, A.-M.; Marner, L. Diagnostic accuracy of cerebral 18FFDG PET in atypical parkinsonism.
EJNMMI Res. 2023, 13, 74. [CrossRef] [PubMed]

32. Buchert, R.; Wegner, F.; Huppertz, H.-J.; Berding, G.; Brendel, M.; Apostolova, I.; Buhmann, C.; Dierks, A.; Katzdobler, S.; Klietz,
M.; et al. Automatic covariance pattern analysis outperforms visual reading of 18 F-fluorodeoxyglucose-positron emission
tomography (FDG-PET) in variant progressive supranuclear palsy. Mov. Disord. Off. J. Mov. Disord. Soc. 2023, 38, 1901–1913.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.jns.2020.117293
https://doi.org/10.1007/s00415-023-12006-4
https://doi.org/10.1007/s00415-023-11714-1
https://www.ncbi.nlm.nih.gov/pubmed/37069439
https://doi.org/10.3390/brainsci12091126
https://www.ncbi.nlm.nih.gov/pubmed/36138862
https://doi.org/10.1016/j.cortex.2020.12.019
https://www.ncbi.nlm.nih.gov/pubmed/33588132
https://doi.org/10.1002/mds.27038
https://www.ncbi.nlm.nih.gov/pubmed/28500751
https://doi.org/10.1007/s00415-020-10360-1
https://doi.org/10.3389/fneur.2020.572976
https://www.ncbi.nlm.nih.gov/pubmed/33178113
https://doi.org/10.2967/jnumed.121.262854
https://www.ncbi.nlm.nih.gov/pubmed/35422444
https://doi.org/10.1371/journal.pone.0083138
https://doi.org/10.1016/j.prdoa.2022.100155
https://doi.org/10.3390/ijms23095023
https://doi.org/10.2967/jnumed.115.159822
https://doi.org/10.2967/jnumed.121.263029
https://doi.org/10.1080/01616412.2017.1312211
https://doi.org/10.1212/WNL.45.11.1995
https://doi.org/10.1002/mds.21933
https://www.ncbi.nlm.nih.gov/pubmed/18186116
https://doi.org/10.1007/s00415-023-11824-w
https://doi.org/10.3390/diagnostics13010006
https://www.ncbi.nlm.nih.gov/pubmed/36611298
https://doi.org/10.1186/s13550-023-01025-x
https://www.ncbi.nlm.nih.gov/pubmed/37572162
https://doi.org/10.1002/mds.29581
https://www.ncbi.nlm.nih.gov/pubmed/37655363


Cells 2023, 12, 2776 30 of 35

33. Shoghi-Jadid, K.; Small, G.W.; Agdeppa, E.D.; Kepe, V.; Ercoli, L.M.; Siddarth, P.; Read, S.; Satyamurthy, N.; Petric, A.; Huang,
S.-C.; et al. Localization of neurofibrillary tangles and beta-amyloid plaques in the brains of living patients with Alzheimer
disease. Am. J. Geriatr. Psychiatry Off. J. Am. Assoc. Geriatr. Psychiatry 2002, 10, 24–35. [CrossRef]

34. Coakeley, S.; Strafella, A.P. Imaging tau pathology in Parkinsonisms. NPJ Park. Dis. 2017, 3, 22. [CrossRef] [PubMed]
35. Ossenkoppele, R.; Tolboom, N.; Foster-Dingley, J.C.; Adriaanse, S.F.; Boellaard, R.; Yaqub, M.; Windhorst, A.D.; Barkhof, F.;

Lammertsma, A.A.; Scheltens, P.; et al. Longitudinal imaging of Alzheimer pathology using 11CPIB, 18FFDDNP and 18FFDG
PET. Eur. J. Nucl. Med. Mol. Imaging 2012, 39, 990–1000. [CrossRef]

36. Kepe, V.; Bordelon, Y.; Boxer, A.; Huang, S.-C.; Liu, J.; Thiede, F.C.; Mazziotta, J.C.; Mendez, M.F.; Donoghue, N.; Small, G.W.;
et al. PET imaging of neuropathology in tauopathies: Progressive supranuclear palsy. J. Alzheimer’s Dis. JAD 2013, 36, 145–153.
[CrossRef]

37. Ricci, M.; Cimini, A.; Camedda, R.; Chiaravalloti, A.; Schillaci, O. Tau Biomarkers in Dementia: Positron Emission Tomography
Radiopharmaceuticals in Tauopathy Assessment and Future Perspective. Int. J. Mol. Sci. 2021, 22, 13002. [CrossRef]

38. Buongiorno, M.; Antonelli, F.; Compta, Y.; Fernandez, Y.; Pavia, J.; Lomeña, F.; Ríos, J.; Ramírez, I.; García, J.R.; Soler, M.; et al.
Cross-Sectional and Longitudinal Cognitive Correlates of FDDNP PET and CSF Amyloid-β and Tau in Parkinson’s Disease1. J.

Alzheimer’s Dis. JAD 2017, 55, 1261–1272. [CrossRef] [PubMed]
39. Jie, C.V.M.L.; Treyer, V.; Schibli, R.; Mu, L. Tauvid™: The First FDA-Approved PET Tracer for Imaging Tau Pathology in

Alzheimer’s Disease. Pharmaceuticals 2021, 14, 110. [CrossRef] [PubMed]
40. Mohammadi, Z.; Alizadeh, H.; Marton, J.; Cumming, P. The Sensitivity of Tau Tracers for the Discrimination of Alzheimer’s

Disease Patients and Healthy Controls by PET. Biomolecules 2023, 13, 290. [CrossRef] [PubMed]
41. Marquié, M.; Normandin, M.D.; Meltzer, A.C.; Siao Tick Chong, M.; Andrea, N.V.; Antón-Fernández, A.; Klunk, W.E.; Mathis,

C.A.; Ikonomovic, M.D.; Debnath, M.; et al. Pathological correlations of F-18-AV-1451 imaging in non-alzheimer tauopathies.
Ann. Neurol. 2017, 81, 117–128. [CrossRef]

42. Nicastro, N.; Rodriguez, P.V.; Malpetti, M.; Bevan-Jones, W.R.; Simon Jones, P.; Passamonti, L.; Aigbirhio, F.I.; O’Brien, J.T.; Rowe,
J.B. 18F-AV1451 PET imaging and multimodal MRI changes in progressive supranuclear palsy. J. Neurol. 2020, 267, 341–349.
[CrossRef]

43. Whitwell, J.L.; Lowe, V.J.; Tosakulwong, N.; Weigand, S.D.; Senjem, M.L.; Schwarz, C.G.; Spychalla, A.J.; Petersen, R.C.; Jack, C.R.;
Josephs, K.A. 18 FAV-1451 tau positron emission tomography in progressive supranuclear palsy. Mov. Disord. Off. J. Mov. Disord.

Soc. 2017, 32, 124–133. [CrossRef]
44. Ghirelli, A.; Tosakulwong, N.; Weigand, S.D.; Clark, H.M.; Ali, F.; Botha, H.; Duffy, J.R.; Utianski, R.L.; Buciuc, M.; Murray, M.E.;

et al. Sensitivity-Specificity of Tau and Amyloid β Positron Emission Tomography in Frontotemporal Lobar Degeneration. Ann.

Neurol. 2020, 88, 1009–1022. [CrossRef]
45. Murugan, N.A.; Chiotis, K.; Rodriguez-Vieitez, E.; Lemoine, L.; Ågren, H.; Nordberg, A. Cross-interaction of tau PET tracers

with monoamine oxidase B: Evidence from in silico modelling and in vivo imaging. Eur. J. Nucl. Med. Mol. Imaging 2019, 46,
1369–1382. [CrossRef] [PubMed]

46. Fodero-Tavoletti, M.T.; Okamura, N.; Furumoto, S.; Mulligan, R.S.; Connor, A.R.; McLean, C.A.; Cao, D.; Rigopoulos, A.;
Cartwright, G.A.; O’Keefe, G.; et al. 18F-THK523: A novel in vivo tau imaging ligand for Alzheimer’s disease. Brain A J. Neurol.

2011, 134, 1089–1100. [CrossRef]
47. Villemagne, V.L.; Okamura, N. In vivo tau imaging: Obstacles and progress. Alzheimer’s Dement. 2014, 10, S254–S264. [CrossRef]

[PubMed]
48. Fodero-Tavoletti, M.T.; Furumoto, S.; Taylor, L.; McLean, C.A.; Mulligan, R.S.; Birchall, I.; Harada, R.; Masters, C.L.; Yanai, K.;

Kudo, Y.; et al. Assessing THK523 selectivity for tau deposits in Alzheimer’s disease and non-Alzheimer’s disease tauopathies.
Alzheimer’s Res. Ther. 2014, 6, 11. [CrossRef]

49. Choi, Y.; Ha, S.; Lee, Y.-S.; Kim, Y.K.; Lee, D.S.; Kim, D.J. Development of tau PET Imaging Ligands and their Utility in Preclinical
and Clinical Studies. Nucl. Med. Mol. Imaging 2017, 52, 24–30. [CrossRef] [PubMed]

50. Brendel, M.; Yousefi, B.H.; Blume, T.; Herz, M.; Focke, C.; Deussing, M.; Peters, F.; Lindner, S.; Ungern-Sternberg, B.v.; Drzezga,
A.; et al. Comparison of 18F-T807 and 18F-THK5117 PET in a Mouse Model of Tau Pathology. Front. Aging Neurosci. 2018, 10, 174.
[CrossRef] [PubMed]

51. Chiotis, K.; Saint-Aubert, L.; Savitcheva, I.; Jelic, V.; Andersen, P.; Jonasson, M.; Eriksson, J.; Lubberink, M.; Almkvist, O.; Wall, A.;
et al. Imaging in-vivo tau pathology in Alzheimer’s disease with THK5317 PET in a multimodal paradigm. Eur. J. Nucl. Med. Mol.

Imaging 2016, 43, 1686–1699. [CrossRef] [PubMed]
52. Chiotis, K.; Saint-Aubert, L.; Rodriguez-Vieitez, E.; Leuzy, A.; Almkvist, O.; Savitcheva, I.; Jonasson, M.; Lubberink, M.; Wall, A.;

Antoni, G.; et al. Longitudinal changes of tau PET imaging in relation to hypometabolism in prodromal and Alzheimer’s disease
dementia. Mol. Psychiatry 2018, 23, 1666–1673. [CrossRef]

53. Harada, R.; Ishiki, A.; Kai, H.; Sato, N.; Furukawa, K.; Furumoto, S.; Tago, T.; Tomita, N.; Watanuki, S.; Hiraoka, K.; et al.
Correlations of 18F-THK5351 PET with Postmortem Burden of Tau and Astrogliosis in Alzheimer Disease. J. Nucl. Med. Off. Publ.

Soc. Nucl. Med. 2018, 59, 671–674. [CrossRef]
54. Okamura, N.; Harada, R.; Ishiki, A.; Kikuchi, A.; Nakamura, T.; Kudo, Y. The development and validation of tau PET tracers:

Current status and future directions. Clin. Transl. Imaging 2018, 6, 305–316. [CrossRef]

https://doi.org/10.1097/00019442-200201000-00004
https://doi.org/10.1038/s41531-017-0023-3
https://www.ncbi.nlm.nih.gov/pubmed/28685158
https://doi.org/10.1007/s00259-012-2102-3
https://doi.org/10.3233/JAD-130032
https://doi.org/10.3390/ijms222313002
https://doi.org/10.3233/JAD-160698
https://www.ncbi.nlm.nih.gov/pubmed/27814297
https://doi.org/10.3390/ph14020110
https://www.ncbi.nlm.nih.gov/pubmed/33573211
https://doi.org/10.3390/biom13020290
https://www.ncbi.nlm.nih.gov/pubmed/36830659
https://doi.org/10.1002/ana.24844
https://doi.org/10.1007/s00415-019-09566-9
https://doi.org/10.1002/mds.26834
https://doi.org/10.1002/ana.25893
https://doi.org/10.1007/s00259-019-04305-8
https://www.ncbi.nlm.nih.gov/pubmed/30919054
https://doi.org/10.1093/brain/awr038
https://doi.org/10.1016/j.jalz.2014.04.013
https://www.ncbi.nlm.nih.gov/pubmed/24924676
https://doi.org/10.1186/alzrt240
https://doi.org/10.1007/s13139-017-0484-7
https://www.ncbi.nlm.nih.gov/pubmed/29391909
https://doi.org/10.3389/fnagi.2018.00174
https://www.ncbi.nlm.nih.gov/pubmed/29930508
https://doi.org/10.1007/s00259-016-3363-z
https://www.ncbi.nlm.nih.gov/pubmed/26996778
https://doi.org/10.1038/mp.2017.108
https://doi.org/10.2967/jnumed.117.197426
https://doi.org/10.1007/s40336-018-0290-y


Cells 2023, 12, 2776 31 of 35

55. Betthauser, T.J.; Lao, P.J.; Murali, D.; Barnhart, T.E.; Furumoto, S.; Okamura, N.; Stone, C.K.; Johnson, S.C.; Christian, B.T. In Vivo
Comparison of Tau Radioligands 18F-THK-5351 and 18F-THK-5317. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 2017, 58, 996–1002.
[CrossRef]

56. Ishiki, A.; Harada, R.; Kai, H.; Sato, N.; Totsune, T.; Tomita, N.; Watanuki, S.; Hiraoka, K.; Ishikawa, Y.; Funaki, Y.; et al.
Neuroimaging-pathological correlations of 18FTHK5351 PET in progressive supranuclear palsy. Acta Neuropathol. Commun. 2018,
6, 53. [CrossRef] [PubMed]

57. Sone, D.; Imabayashi, E.; Maikusa, N.; Okamura, N.; Furumoto, S.; Kudo, Y.; Ogawa, M.; Takano, H.; Yokoi, Y.; Sakata, M.; et al.
Regional tau deposition and subregion atrophy of medial temporal structures in early Alzheimer’s disease: A combined positron
emission tomography/magnetic resonance imaging study. Alzheimer’s Dement. 2017, 9, 35–40. [CrossRef] [PubMed]

58. Maruyama, M.; Shimada, H.; Suhara, T.; Shinotoh, H.; Ji, B.; Maeda, J.; Zhang, M.-R.; Trojanowski, J.Q.; Lee, V.M.-Y.; Ono, M.;
et al. Imaging of tau pathology in a tauopathy mouse model and in Alzheimer patients compared to normal controls. Neuron

2013, 79, 1094–1108. [CrossRef] [PubMed]
59. Endo, H.; Shimada, H.; Sahara, N.; Ono, M.; Koga, S.; Kitamura, S.; Niwa, F.; Hirano, S.; Kimura, Y.; Ichise, M.; et al. In vivo

binding of a tau imaging probe, 11 CPBB3, in patients with progressive supranuclear palsy. Mov. Disord. Off. J. Mov. Disord. Soc.

2019, 34, 744–754. [CrossRef] [PubMed]
60. Schröter, N.; Blazhenets, G.; Frings, L.; Barkhausen, C.; Jost, W.H.; Weiller, C.; Rijntjes, M.; Meyer, P.T. Tau Imaging in the

4-Repeat-Tauopathies Progressive Supranuclear Palsy and Corticobasal Syndrome: A 11C-Pyridinyl-Butadienyl-Benzothiazole 3
PET Pilot Study. Clin. Nucl. Med. 2020, 45, 283–287. [CrossRef] [PubMed]

61. Uzuegbunam, B.C.; Librizzi, D.; Hooshyar Yousefi, B. PET Radiopharmaceuticals for Alzheimer’s Disease and Parkinson’s
Disease Diagnosis, the Current and Future Landscape. Molecules 2020, 25, 977. [CrossRef] [PubMed]

62. Weng, C.-C.; Hsiao, I.-T.; Yang, Q.-F.; Yao, C.-H.; Tai, C.-Y.; Wu, M.-F.; Yen, T.-C.; Jang, M.-K.; Lin, K.-J. Characterization of
18F-PM-PBB3 (18F-APN-1607) Uptake in the rTg4510 Mouse Model of Tauopathy. Molecules 2020, 25, 1750. [CrossRef] [PubMed]

63. Shimada, H.; Kitamura, S.; Ono, M.; Kimura, Y.; Ichise, M.; Takahata, K.; Moriguchi, S.; Kubota, M.; Ishii, T.; Takado, Y.; et al.
[P3–378]: First-in-human pet study with 18 F-AM-PBB3 and 18 F-PM-PBB3. Alzheimer’s Dement. 2017, 13, P1104. [CrossRef]

64. Li, L.; Liu, F.-T.; Li, M.; Lu, J.-Y.; Sun, Y.-M.; Liang, X.; Bao, W.; Chen, Q.-S.; Li, X.-Y.; Zhou, X.-Y.; et al. Clinical Utility of 18
F-APN-1607 Tau PET Imaging in Patients with Progressive Supranuclear Palsy. Mov. Disord. Off. J. Mov. Disord. Soc. 2021, 36,
2314–2323. [CrossRef]

65. Mashima, K.; Konishi, M.; Tezuka, T.; Ito, D.; Mimura, M. A case of tauopathy with auditory agnosia and dysprosody diagnosed
by 18FPM-PBB3 tau PET scan. Neurol. Sci. Off. J. Ital. Neurol. Soc. Ital. Soc. Clin. Neurophysiol. 2021, 42, 3471–3474. [CrossRef]

66. Zhou, X.-Y.; Lu, J.-Y.; Liu, F.-T.; Wu, P.; Zhao, J.; Ju, Z.-Z.; Tang, Y.-L.; Shi, Q.-Y.; Lin, H.-M.; Wu, J.-J.; et al. In Vivo 18 F-APN-1607
Tau Positron Emission Tomography Imaging in MAPT Mutations: Cross-Sectional and Longitudinal Findings. Mov. Disord. Off. J.

Mov. Disord. Soc. 2022, 37, 525–534. [CrossRef] [PubMed]
67. Ishizuchi, K.; Takizawa, T.; Tezuka, T.; Takahata, K.; Seki, M.; Tabuchi, H.; Ueda, R.; Kubota, M.; Mimura, M.; Nakahara, J.; et al.

A case of progressive supranuclear palsy with predominant cerebellar ataxia diagnosed by 18FPM-PBB3 tau PET. J. Neurol. Sci.

2021, 425, 117440. [CrossRef] [PubMed]
68. Katzdobler, S.; Nitschmann, A.; Barthel, H.; Bischof, G.; Beyer, L.; Marek, K.; Song, M.; Wagemann, O.; Palleis, C.; Weidinger, E.;

et al. Additive value of 18FPI-2620 perfusion imaging in progressive supranuclear palsy and corticobasal syndrome. Eur. J. Nucl.

Med. Mol. Imaging 2023, 50, 423–434. [CrossRef]
69. Kroth, H.; Oden, F.; Molette, J.; Schieferstein, H.; Capotosti, F.; Mueller, A.; Berndt, M.; Schmitt-Willich, H.; Darmency, V.;

Gabellieri, E.; et al. Discovery and preclinical characterization of 18FPI-2620, a next-generation tau PET tracer for the assessment
of tau pathology in Alzheimer’s disease and other tauopathies. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 2178–2189. [CrossRef]
[PubMed]

70. Rullmann, M.; Brendel, M.; Schroeter, M.L.; Saur, D.; Levin, J.; Perneczky, R.G.; Tiepolt, S.; Patt, M.; Mueller, A.; Villemagne, V.L.;
et al. Multicenter 18F-PI-2620 PET for In Vivo Braak Staging of Tau Pathology in Alzheimer’s Disease. Biomolecules 2022, 12, 458.
[CrossRef]

71. Kroth, H.; Oden, F.; Molette, J.; Schieferstein, H.; Gabellieri, E.; Mueller, A.; Berndt, M.; Sreenivasachary, N.; Serra, A.M.; Capotosti,
F.; et al. PI-2620 Lead Optimization Highlights the Importance of Off-Target Assays to Develop a PET Tracer for the Detection of
Pathological Aggregated Tau in Alzheimer’s Disease and Other Tauopathies. J. Med. Chem. 2021, 64, 12808–12830. [CrossRef]

72. Brendel, M.; Schönecker, S.; Höglinger, G.; Lindner, S.; Havla, J.; Blautzik, J.; Sauerbeck, J.; Rohrer, G.; Zach, C.; Vettermann,
F.; et al. 18F-THK5351 PET Correlates with Topology and Symptom Severity in Progressive Supranuclear Palsy. Front. Aging

Neurosci. 2017, 9, 440. [CrossRef]
73. Schönecker, S.; Palleis, C.; Franzmeier, N.; Katzdobler, S.; Ferschmann, C.; Schuster, S.; Finze, A.; Scheifele, M.; Prix, C.; Fietzek, U.;

et al. Symptomatology in 4-repeat tauopathies is associated with data-driven topology of 18F-PI-2620 tau-PET signal. NeuroImage

Clin. 2023, 38, 103402. [CrossRef]
74. Schonhaut, D.R.; McMillan, C.T.; Spina, S.; Dickerson, B.C.; Siderowf, A.; Devous, M.D.; Tsai, R.; Winer, J.; Russell, D.S.; Litvan, I.;

et al. 18 F-flortaucipir tau positron emission tomography distinguishes established progressive supranuclear palsy from controls
and Parkinson disease: A multicenter study. Ann. Neurol. 2017, 82, 622–634. [CrossRef] [PubMed]

https://doi.org/10.2967/jnumed.116.182980
https://doi.org/10.1186/s40478-018-0556-7
https://www.ncbi.nlm.nih.gov/pubmed/29958546
https://doi.org/10.1016/j.dadm.2017.07.001
https://www.ncbi.nlm.nih.gov/pubmed/28856235
https://doi.org/10.1016/j.neuron.2013.07.037
https://www.ncbi.nlm.nih.gov/pubmed/24050400
https://doi.org/10.1002/mds.27643
https://www.ncbi.nlm.nih.gov/pubmed/30892739
https://doi.org/10.1097/RLU.0000000000002949
https://www.ncbi.nlm.nih.gov/pubmed/32108694
https://doi.org/10.3390/molecules25040977
https://www.ncbi.nlm.nih.gov/pubmed/32098280
https://doi.org/10.3390/molecules25071750
https://www.ncbi.nlm.nih.gov/pubmed/32290239
https://doi.org/10.1016/j.jalz.2017.06.1594
https://doi.org/10.1002/mds.28672
https://doi.org/10.1007/s10072-021-05287-y
https://doi.org/10.1002/mds.28867
https://www.ncbi.nlm.nih.gov/pubmed/34842301
https://doi.org/10.1016/j.jns.2021.117440
https://www.ncbi.nlm.nih.gov/pubmed/33866113
https://doi.org/10.1007/s00259-022-05964-w
https://doi.org/10.1007/s00259-019-04397-2
https://www.ncbi.nlm.nih.gov/pubmed/31264169
https://doi.org/10.3390/biom12030458
https://doi.org/10.1021/acs.jmedchem.1c00861
https://doi.org/10.3389/fnagi.2017.00440
https://doi.org/10.1016/j.nicl.2023.103402
https://doi.org/10.1002/ana.25060
https://www.ncbi.nlm.nih.gov/pubmed/28980714


Cells 2023, 12, 2776 32 of 35

75. Brendel, M.; Barthel, H.; van Eimeren, T.; Marek, K.; Beyer, L.; Song, M.; Palleis, C.; Gehmeyr, M.; Fietzek, U.; Respondek, G.;
et al. Assessment of 18F-PI-2620 as a Biomarker in Progressive Supranuclear Palsy. JAMA Neurol. 2020, 77, 1408–1419. [CrossRef]
[PubMed]

76. Walji, A.M.; Hostetler, E.D.; Selnick, H.; Zeng, Z.; Miller, P.; Bennacef, I.; Salinas, C.; Connolly, B.; Gantert, L.; Holahan, M.;
et al. Discovery of 6-(Fluoro-(18)F)-3-(1H-pyrrolo2,3-cpyridin-1-yl)isoquinolin-5-amine ((18)F-MK-6240): A Positron Emission
Tomography (PET) Imaging Agent for Quantification of Neurofibrillary Tangles (NFTs). J. Med. Chem. 2016, 59, 4778–4789.
[CrossRef] [PubMed]

77. Betthauser, T.J.; Cody, K.A.; Zammit, M.D.; Murali, D.; Converse, A.K.; Barnhart, T.E.; Stone, C.K.; Rowley, H.A.; Johnson, S.C.;
Christian, B.T. In Vivo Characterization and Quantification of Neurofibrillary Tau PET Radioligand 18F-MK-6240 in Humans from
Alzheimer Disease Dementia to Young Controls. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 2019, 60, 93–99. [CrossRef] [PubMed]

78. Pascoal, T.A.; Benedet, A.L.; Tudorascu, D.L.; Therriault, J.; Mathotaarachchi, S.; Savard, M.; Lussier, F.Z.; Tissot, C.; Chamoun,
M.; Kang, M.S.; et al. Longitudinal 18F-MK-6240 tau tangles accumulation follows Braak stages. Brain A J. Neurol. 2021, 144,
3517–3528. [CrossRef] [PubMed]

79. Pascoal, T.A.; Shin, M.; Kang, M.S.; Chamoun, M.; Chartrand, D.; Mathotaarachchi, S.; Bennacef, I.; Therriault, J.; Ng, K.P.;
Hopewell, R.; et al. In vivo quantification of neurofibrillary tangles with 18FMK-6240. Alzheimer’s Res. Ther. 2018, 10, 74.
[CrossRef]

80. Gogola, A.; Minhas, D.S.; Villemagne, V.L.; Cohen, A.D.; Mountz, J.M.; Pascoal, T.A.; Laymon, C.M.; Mason, N.S.; Ikonomovic,
M.D.; Mathis, C.A.; et al. Direct Comparison of the Tau PET Tracers 18F-Flortaucipir and 18F-MK-6240 in Human Subjects. J.

Nucl. Med. Off. Publ. Soc. Nucl. Med. 2022, 63, 108–116. [CrossRef]
81. Kim, H.; Choe, Y.S. High-yield synthesis of a tau PET radioligand and its nonradioactive ligand using an alternative protection

and deprotection strategy. J. Label. Compd. Radiopharm. 2021, 64, 150–158. [CrossRef]
82. Santillo, A.F.; Leuzy, A.; Honer, M.; Landqvist Waldö, M.; Tideman, P.; Harper, L.; Ohlsson, T.; Moes, S.; Giannini, L.; Jögi, J.; et al.

18FRO948 tau positron emission tomography in genetic and sporadic frontotemporal dementia syndromes. Eur. J. Nucl. Med.

Mol. Imaging 2023, 50, 1371–1383. [CrossRef]
83. Leuzy, A.; Pascoal, T.A.; Strandberg, O.; Insel, P.; Smith, R.; Mattsson-Carlgren, N.; Benedet, A.L.; Cho, H.; Lyoo, C.H.; La Joie, R.;

et al. A multicenter comparison of 18Fflortaucipir, 18FRO948, and 18FMK6240 tau PET tracers to detect a common target ROI for
differential diagnosis. Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 2295–2305. [CrossRef]

84. Lindberg, A.; Knight, A.C.; Sohn, D.; Rakos, L.; Tong, J.; Radelet, A.; Mason, N.S.; Stehouwer, J.S.; Lopresti, B.J.; Klunk, W.E.; et al.
Radiosynthesis, In Vitro and In Vivo Evaluation of 18FCBD-2115 as a First-in-Class Radiotracer for Imaging 4R-Tauopathies. ACS

Chem. Neurosci. 2021, 12, 596–602. [CrossRef] [PubMed]
85. Andersson, J.D.; Matuskey, D.; Finnema, S.J. Positron emission tomography imaging of the γ-aminobutyric acid system. Neurosci.

Lett. 2019, 691, 35–43. [CrossRef]
86. Bigio, E.H.; Vono, M.B.; Satumtira, S.; Adamson, J.; Sontag, E.; Hynan, L.S.; White, C.L.; Baker, M.; Hutton, M. Cortical synapse

loss in progressive supranuclear palsy. J. Neuropathol. Exp. Neurol. 2001, 60, 403–410. [CrossRef] [PubMed]
87. Holland, N.; Jones, P.S.; Savulich, G.; Wiggins, J.K.; Hong, Y.T.; Fryer, T.D.; Manavaki, R.; Sephton, S.M.; Boros, I.; Malpetti, M.;

et al. Synaptic Loss in Primary Tauopathies Revealed by 11 CUCB-J Positron Emission Tomography. Mov. Disord. Off. J. Mov.

Disord. Soc. 2020, 35, 1834–1842. [CrossRef] [PubMed]
88. Holland, N.; Jones, P.S.; Savulich, G.; Naessens, M.; Malpetti, M.; Whiteside, D.J.; Street, D.; Swann, P.; Hong, Y.T.; Fryer, T.D.;

et al. Longitudinal Synaptic Loss in Primary Tauopathies: An In Vivo 11 CUCB-J Positron Emission Tomography Study. Mov.

Disord. Off. J. Mov. Disord. Soc. 2023, 38, 1316–1326. [CrossRef] [PubMed]
89. Holland, N.; Malpetti, M.; Rittman, T.; Mak, E.E.; Passamonti, L.; Kaalund, S.S.; Hezemans, F.H.; Jones, P.S.; Savulich, G.; Hong,

Y.T.; et al. Molecular pathology and synaptic loss in primary tauopathies: An 18F-AV-1451 and 11C-UCB-J PET study. Brain A J.

Neurol. 2022, 145, 340–348. [CrossRef]
90. Chauveau, F.; Becker, G.; Boutin, H. Have (R)-11CPK11195 challengers fulfilled the promise? A scoping review of clinical TSPO

PET studies. Eur. J. Nucl. Med. Mol. Imaging 2021, 49, 201–220. [CrossRef] [PubMed]
91. Zhou, R.; Ji, B.; Kong, Y.; Qin, L.; Ren, W.; Guan, Y.; Ni, R. PET Imaging of Neuroinflammation in Alzheimer’s Disease. Front.

Immunol. 2021, 12, 739130. [CrossRef] [PubMed]
92. van Camp, N.; Lavisse, S.; Roost, P.; Gubinelli, F.; Hillmer, A.; Boutin, H. TSPO imaging in animal models of brain diseases. Eur. J.

Nucl. Med. Mol. Imaging 2021, 49, 77–109. [CrossRef]
93. Zhang, L.; Hu, K.; Shao, T.; Hou, L.; Zhang, S.; Ye, W.; Josephson, L.; Meyer, J.H.; Zhang, M.-R.; Vasdev, N.; et al. Recent

developments on PET radiotracers for TSPO and their applications in neuroimaging. Acta Pharm. Sin. B 2021, 11, 373–393.
[CrossRef]

94. Aghakhanyan, G.; Rullmann, M.; Rumpf, J.; Schroeter, M.L.; Scherlach, C.; Patt, M.; Brendel, M.; Koglin, N.; Stephens, A.W.;
Classen, J.; et al. Interplay of tau and functional network connectivity in progressive supranuclear palsy: A 18FPI-2620 PET/MRI
study. Eur. J. Nucl. Med. Mol. Imaging 2022, 50, 103–114. [CrossRef] [PubMed]

95. Coakeley, S.; Cho, S.S.; Koshimori, Y.; Rusjan, P.; Ghadery, C.; Kim, J.; Lang, A.E.; Houle, S.; Strafella, A.P. 18FAV-1451 binding to
neuromelanin in the substantia nigra in PD and PSP. Brain Struct. Funct. 2018, 223, 589–595. [CrossRef] [PubMed]

https://doi.org/10.1001/jamaneurol.2020.2526
https://www.ncbi.nlm.nih.gov/pubmed/33165511
https://doi.org/10.1021/acs.jmedchem.6b00166
https://www.ncbi.nlm.nih.gov/pubmed/27088900
https://doi.org/10.2967/jnumed.118.209650
https://www.ncbi.nlm.nih.gov/pubmed/29777006
https://doi.org/10.1093/brain/awab248
https://www.ncbi.nlm.nih.gov/pubmed/34515754
https://doi.org/10.1186/s13195-018-0402-y
https://doi.org/10.2967/jnumed.120.254961
https://doi.org/10.1002/jlcr.3894
https://doi.org/10.1007/s00259-022-06065-4
https://doi.org/10.1007/s00259-021-05401-4
https://doi.org/10.1021/acschemneuro.0c00801
https://www.ncbi.nlm.nih.gov/pubmed/33497190
https://doi.org/10.1016/j.neulet.2018.08.010
https://doi.org/10.1093/jnen/60.5.403
https://www.ncbi.nlm.nih.gov/pubmed/11379815
https://doi.org/10.1002/mds.28188
https://www.ncbi.nlm.nih.gov/pubmed/32652635
https://doi.org/10.1002/mds.29421
https://www.ncbi.nlm.nih.gov/pubmed/37171832
https://doi.org/10.1093/brain/awab282
https://doi.org/10.1007/s00259-021-05425-w
https://www.ncbi.nlm.nih.gov/pubmed/34387719
https://doi.org/10.3389/fimmu.2021.739130
https://www.ncbi.nlm.nih.gov/pubmed/34603323
https://doi.org/10.1007/s00259-021-05379-z
https://doi.org/10.1016/j.apsb.2020.08.006
https://doi.org/10.1007/s00259-022-05952-0
https://www.ncbi.nlm.nih.gov/pubmed/36048259
https://doi.org/10.1007/s00429-017-1507-y
https://www.ncbi.nlm.nih.gov/pubmed/28884232


Cells 2023, 12, 2776 33 of 35

96. Coakeley, S.; Cho, S.S.; Koshimori, Y.; Rusjan, P.; Harris, M.; Ghadery, C.; Kim, J.; Lang, A.E.; Wilson, A.; Houle, S.; et al. Positron
emission tomography imaging of tau pathology in progressive supranuclear palsy. J. Cereb. Blood Flow Metab. Off. J. Int. Soc.

Cereb. Blood Flow Metab. 2017, 37, 3150–3160. [CrossRef] [PubMed]
97. Cope, T.E.; Rittman, T.; Borchert, R.J.; Jones, P.S.; Vatansever, D.; Allinson, K.; Passamonti, L.; Vazquez Rodriguez, P.; Bevan-Jones,

W.R.; O’Brien, J.T.; et al. Tau burden and the functional connectome in Alzheimer’s disease and progressive supranuclear palsy.
Brain A J. Neurol. 2018, 141, 550–567. [CrossRef]

98. Mak, E.; Holland, N.; Jones, P.S.; Savulich, G.; Low, A.; Malpetti, M.; Kaalund, S.S.; Passamonti, L.; Rittman, T.; Romero-Garcia,
R.; et al. In vivo coupling of dendritic complexity with presynaptic density in primary tauopathies. Neurobiol. Aging 2021, 101,
187–198. [CrossRef] [PubMed]

99. Malpetti, M.; Passamonti, L.; Jones, P.S.; Street, D.; Rittman, T.; Fryer, T.D.; Hong, Y.T.; Vàsquez Rodriguez, P.; Bevan-Jones, W.R.;
Aigbirhio, F.I.; et al. Neuroinflammation predicts disease progression in progressive supranuclear palsy. J. Neurol. Neurosurg.

Psychiatry 2021, 92, 769–775. [CrossRef]
100. Malpetti, M.; Passamonti, L.; Rittman, T.; Jones, P.S.; Vázquez Rodríguez, P.; Bevan-Jones, W.R.; Hong, Y.T.; Fryer, T.D.; Aigbirhio,

F.I.; O’Brien, J.T.; et al. Neuroinflammation and Tau Colocalize in vivo in Progressive Supranuclear Palsy. Ann. Neurol. 2020, 88,
1194–1204. [CrossRef] [PubMed]

101. Matsuoka, K.; Takado, Y.; Tagai, K.; Kubota, M.; Sano, Y.; Takahata, K.; Ono, M.; Seki, C.; Matsumoto, H.; Endo, H.; et al.
Two pathways differentially linking tau depositions, oxidative stress, and neuronal loss to apathetic phenotypes in progressive
supranuclear palsy. J. Neurol. Sci. 2023, 444, 120514. [CrossRef]

102. Oliveira Hauer, K.; Pawlik, D.; Leuzy, A.; Janelidze, S.; Hall, S.; Hansson, O.; Smith, R. Performance of 18FRO948 PET, MRI and
CSF neurofilament light in the differential diagnosis of progressive supranuclear palsy. Park. Relat. Disord. 2023, 106, 105226.
[CrossRef]

103. Passamonti, L.; Rodríguez, P.V.; Hong, Y.T.; Allinson, K.S.J.; Bevan-Jones, W.R.; Williamson, D.; Jones, P.S.; Arnold, R.; Borchert,
R.J.; Surendranathan, A.; et al. 11CPK11195 binding in Alzheimer disease and progressive supranuclear palsy. Neurology 2018, 90,
e1989–e1996. [CrossRef]

104. Passamonti, L.; Vázquez Rodríguez, P.; Hong, Y.T.; Allinson, K.S.J.; Williamson, D.; Borchert, R.J.; Sami, S.; Cope, T.E.; Bevan-Jones,
W.R.; Jones, P.S.; et al. 18F-AV-1451 positron emission tomography in Alzheimer’s disease and progressive supranuclear palsy.
Brain A J. Neurol. 2017, 140, 781–791. [CrossRef]

105. Seckin, Z.I.; Duffy, J.R.; Strand, E.A.; Clark, H.M.; Utianski, R.L.; Machulda, M.M.; Botha, H.; Ali, F.; Thu Pham, N.T.; Lowe, V.J.;
et al. The evolution of parkinsonism in primary progressive apraxia of speech: A 6-year longitudinal study. Park. Relat. Disord.

2020, 81, 34–40. [CrossRef]
106. Sintini, I.; Schwarz, C.G.; Senjem, M.L.; Reid, R.I.; Botha, H.; Ali, F.; Ahlskog, J.E.; Jack, C.R.; Lowe, V.J.; Josephs, K.A.; et al.

Multimodal neuroimaging relationships in progressive supranuclear palsy. Park. Relat. Disord. 2019, 66, 56–61. [CrossRef]
107. Tagai, K.; Ikoma, Y.; Endo, H.; Debnath, O.B.; Seki, C.; Matsuoka, K.; Matsumoto, H.; Oya, M.; Hirata, K.; Shinotoh, H.; et al. An

optimized reference tissue method for quantification of tau protein depositions in diverse neurodegenerative disorders by PET
with 18F-PM-PBB3 (18F-APN-1607). NeuroImage 2022, 264, 119763. [CrossRef]

108. Whitwell, J.L.; Ahlskog, J.E.; Tosakulwong, N.; Senjem, M.L.; Spychalla, A.J.; Petersen, R.C.; Jack, C.R.; Lowe, V.J.; Josephs, K.A.
Pittsburgh Compound B and AV-1451 positron emission tomography assessment of molecular pathologies of Alzheimer’s disease
in progressive supranuclear palsy. Park. Relat. Disord. 2018, 48, 3–9. [CrossRef]

109. Whitwell, J.L.; Tosakulwong, N.; Botha, H.; Ali, F.; Clark, H.M.; Duffy, J.R.; Utianski, R.L.; Stevens, C.A.; Weigand, S.D.; Schwarz,
C.G.; et al. Brain volume and flortaucipir analysis of progressive supranuclear palsy clinical variants. NeuroImage Clin. 2020, 25,
102152. [CrossRef]

110. Whitwell, J.L.; Tosakulwong, N.; Schwarz, C.G.; Botha, H.; Senjem, M.L.; Spychalla, A.J.; Ahlskog, J.E.; Knopman, D.S.; Petersen,
R.C.; Jack, C.R.; et al. MRI Outperforms 18FAV-1451 PET as a Longitudinal Biomarker in Progressive Supranuclear Palsy. Mov.

Disord. Off. J. Mov. Disord. Soc. 2019, 34, 105–113. [CrossRef]
111. Zhao, P.; Zhang, B.; Gao, S.; Li, X. Clinical, MRI and 18F-FDG-PET/CT analysis of progressive supranuclear palsy. J. Clin. Neurosci.

Off. J. Neurosurg. Soc. Australas 2020, 80, 318–323. [CrossRef]
112. Assaf, Y.; Pasternak, O. Diffusion tensor imaging (DTI)-based white matter mapping in brain research: A review. J. Mol. Neurosci.

2008, 34, 51–61. [CrossRef]
113. Basser, P.J.; Mattiello, J.; LeBihan, D. MR diffusion tensor spectroscopy and imaging. Biophys. J. 1994, 66, 259–267. [CrossRef]
114. Höglinger, G.U.; Kassubek, J.; Csoti, I.; Ehret, R.; Herbst, H.; Wellach, I.; Winkler, J.; Jost, W.H. Differentiation of atypical Parkinson

syndromes. J. Neural Transm. 2017, 124, 997–1004. [CrossRef]
115. Kassubek, J. MRI-based neuroimaging: Atypical parkinsonisms and other movement disorders. Curr. Opin. Neurol. 2018, 31,

425–430. [CrossRef]
116. Tournier, J.-D.; Mori, S.; Leemans, A. Diffusion tensor imaging and beyond. Magn. Reson. Med. 2011, 65, 1532–1556. [CrossRef]
117. Abhinav, K.; Yeh, F.-C.; Pathak, S.; Suski, V.; Lacomis, D.; Friedlander, R.M.; Fernandez-Miranda, J.C. Advanced diffusion MRI

fiber tracking in neurosurgical and neurodegenerative disorders and neuroanatomical studies: A review. Biochim. Biophys. Acta

2014, 1842, 2286–2297. [CrossRef] [PubMed]
118. Martinez-Heras, E.; Grussu, F.; Prados, F.; Solana, E.; Llufriu, S. Diffusion-Weighted Imaging: Recent Advances and Applications.

Semin. Ultrasound CT MR 2021, 42, 490–506. [CrossRef] [PubMed]

https://doi.org/10.1177/0271678X16683695
https://www.ncbi.nlm.nih.gov/pubmed/28155586
https://doi.org/10.1093/brain/awx347
https://doi.org/10.1016/j.neurobiolaging.2021.01.016
https://www.ncbi.nlm.nih.gov/pubmed/33631470
https://doi.org/10.1136/jnnp-2020-325549
https://doi.org/10.1002/ana.25911
https://www.ncbi.nlm.nih.gov/pubmed/32951237
https://doi.org/10.1016/j.jns.2022.120514
https://doi.org/10.1016/j.parkreldis.2022.11.018
https://doi.org/10.1212/WNL.0000000000005610
https://doi.org/10.1093/brain/aww340
https://doi.org/10.1016/j.parkreldis.2020.09.039
https://doi.org/10.1016/j.parkreldis.2019.07.001
https://doi.org/10.1016/j.neuroimage.2022.119763
https://doi.org/10.1016/j.parkreldis.2017.12.016
https://doi.org/10.1016/j.nicl.2019.102152
https://doi.org/10.1002/mds.27546
https://doi.org/10.1016/j.jocn.2020.06.008
https://doi.org/10.1007/s12031-007-0029-0
https://doi.org/10.1016/S0006-3495(94)80775-1
https://doi.org/10.1007/s00702-017-1700-4
https://doi.org/10.1097/WCO.0000000000000578
https://doi.org/10.1002/mrm.22924
https://doi.org/10.1016/j.bbadis.2014.08.002
https://www.ncbi.nlm.nih.gov/pubmed/25127851
https://doi.org/10.1053/j.sult.2021.07.006
https://www.ncbi.nlm.nih.gov/pubmed/34537117


Cells 2023, 12, 2776 34 of 35

119. Winston, G.P. The physical and biological basis of quantitative parameters derived from diffusion MRI. Quant. Imaging Med. Surg.

2012, 2, 254–265. [CrossRef] [PubMed]
120. Metzler-Baddeley, C.; O’Sullivan, M.J.; Bells, S.; Pasternak, O.; Jones, D.K. How and how not to correct for CSF-contamination in

diffusion MRI. NeuroImage 2012, 59, 1394–1403. [CrossRef]
121. Planetta, P.J.; Ofori, E.; Pasternak, O.; Burciu, R.G.; Shukla, P.; DeSimone, J.C.; Okun, M.S.; McFarland, N.R.; Vaillancourt, D.E.

Free-water imaging in Parkinson’s disease and atypical parkinsonism. Brain A J. Neurol. 2016, 139, 495–508. [CrossRef]
122. Tondo, G.; Esposito, M.; Dervenoulas, G.; Wilson, H.; Politis, M.; Pagano, G. Hybrid PET-MRI Applications in Movement

Disorders. Int. Rev. Neurobiol. 2019, 144, 211–257. [CrossRef] [PubMed]
123. Afaq, A.; Faul, D.; Chebrolu, V.V.; Wan, S.; Hope, T.A.; Haibach, P.V.; Bomanji, J. Pitfalls on PET/MRI. Semin. Nucl. Med. 2021, 51,

529–539. [CrossRef] [PubMed]
124. Catana, C. Motion correction options in PET/MRI. Semin. Nucl. Med. 2015, 45, 212–223. [CrossRef] [PubMed]
125. Catana, C. Attenuation correction for human PET/MRI studies. Phys. Med. Biol. 2020, 65, 23TR02. [CrossRef] [PubMed]
126. Chen, Z.; Jamadar, S.D.; Li, S.; Sforazzini, F.; Baran, J.; Ferris, N.; Shah, N.J.; Egan, G.F. From simultaneous to synergistic MR-PET

brain imaging: A review of hybrid MR-PET imaging methodologies. Hum. Brain Mapp. 2018, 39, 5126–5144. [CrossRef] [PubMed]
127. Aiello, M.; Cavaliere, C.; Marchitelli, R.; d’Albore, A.; De Vita, E.; Salvatore, M. Hybrid PET/MRI Methodology. Int. Rev. Neurobiol.

2018, 141, 97–128. [CrossRef] [PubMed]
128. Sari, H.; Reaungamornrat, J.; Catalano, O.A.; Vera-Olmos, J.; Izquierdo-Garcia, D.; Morales, M.A.; Torrado-Carvajal, A.; Ng, T.S.C.;

Malpica, N.; Kamen, A.; et al. Evaluation of Deep Learning-Based Approaches to Segment Bowel Air Pockets and Generate Pelvic
Attenuation Maps from CAIPIRINHA-Accelerated Dixon MR Images. J. Nucl. Med. 2022, 63, 468–475. [CrossRef] [PubMed]

129. Zhu, Y.; Zhu, X. MRI-Driven PET Image Optimization for Neurological Applications. Front. Neurosci. 2019, 13, 782. [CrossRef]
130. Jung, J.H.; Choi, Y.; Im, K.C. PET/MRI: Technical Challenges and Recent Advances. Nucl. Med. Mol. Imaging 2016, 50, 3–12.

[CrossRef]
131. Greve, T.; Sollmann, N.; Hock, A.; Hey, S.; Gnanaprakasam, V.; Nijenhuis, M.; Zimmer, C.; Kirschke, J.S. Highly accelerated

time-of-flight magnetic resonance angiography using spiral imaging improves conspicuity of intracranial arterial branches while
reducing scan time. Eur. Radiol. 2020, 30, 855–865. [CrossRef]

132. Greve, T.; Sollmann, N.; Hock, A.; Zimmer, C.; Kirschke, J.S. Novel Ultrafast Spiral Head MR Angiography Compared to Standard
MR and CT Angiography. J. Neuroimaging 2021, 31, 45–56. [CrossRef]

133. Monch, S.; Sollmann, N.; Hock, A.; Zimmer, C.; Kirschke, J.S.; Hedderich, D.M. Magnetic Resonance Imaging of the Brain Using
Compressed Sensing—Quality Assessment in Daily Clinical Routine. Clin. Neuroradiol. 2020, 30, 279–286. [CrossRef] [PubMed]

134. Radmanesh, A.; Muckley, M.J.; Murrell, T.; Lindsey, E.; Sriram, A.; Knoll, F.; Sodickson, D.K.; Lui, Y.W. Exploring the Acceleration
Limits of Deep Learning Variational Network-based Two-dimensional Brain MRI. Radiol. Artif. Intell. 2022, 4, e210313. [CrossRef]
[PubMed]

135. Bilgic, B.; Gagoski, B.A.; Cauley, S.F.; Fan, A.P.; Polimeni, J.R.; Grant, P.E.; Wald, L.L.; Setsompop, K. Wave-CAIPI for highly
accelerated 3D imaging. Magn. Reson. Med. 2015, 73, 2152–2162. [CrossRef] [PubMed]

136. Franzmeier, N.; Brendel, M.; Beyer, L.; Slemann, L.; Kovacs, G.G.; Arzberger, T.; Kurz, C.; Respondek, G.; Lukic, M.J.; Biel, D.;
et al. Tau deposition patterns are associated with functional connectivity in primary tauopathies. Nat. Commun. 2022, 13, 1362.
[CrossRef]

137. Quattrone, A.; Nicoletti, G.; Messina, D.; Fera, F.; Condino, F.; Pugliese, P.; Lanza, P.; Barone, P.; Morgante, L.; Zappia, M.; et al.
MR imaging index for differentiation of progressive supranuclear palsy from Parkinson disease and the Parkinson variant of
multiple system atrophy. Radiology 2008, 246, 214–221. [CrossRef]

138. Quattrone, A.; Morelli, M.; Nigro, S.; Quattrone, A.; Vescio, B.; Arabia, G.; Nicoletti, G.; Nistico, R.; Salsone, M.; Novellino, F.; et al.
A new MR imaging index for differentiation of progressive supranuclear palsy-parkinsonism from Parkinson’s disease. Park.

Relat. Disord. 2018, 54, 3–8. [CrossRef] [PubMed]
139. Nigro, S.; Antonini, A.; Vaillancourt, D.E.; Seppi, K.; Ceravolo, R.; Strafella, A.P.; Augimeri, A.; Quattrone, A.; Morelli, M.; Weis,

L.; et al. Automated MRI Classification in Progressive Supranuclear Palsy: A Large International Cohort Study. Mov. Disord. 2020,
35, 976–983. [CrossRef] [PubMed]

140. Quattrone, A.; Bianco, M.G.; Antonini, A.; Vaillancourt, D.E.; Seppi, K.; Ceravolo, R.; Strafella, A.P.; Tedeschi, G.; Tessitore, A.;
Cilia, R.; et al. Development and Validation of Automated Magnetic Resonance Parkinsonism Index 2.0 to Distinguish Progressive
Supranuclear Palsy-Parkinsonism From Parkinson’s Disease. Mov. Disord. 2022, 37, 1272–1281. [CrossRef]

141. Coughlin, D.G.; Litvan, I. Progressive supranuclear palsy: Advances in diagnosis and management. Park. Relat. Disord. 2020, 73,
105–116. [CrossRef]

142. Ali, F.; Josephs, K. The diagnosis of progressive supranuclear palsy: Current opinions and challenges. Expert Rev. Neurother. 2018,
18, 603–616. [CrossRef]

143. Bluett, B.; Pantelyat, A.Y.; Litvan, I.; Ali, F.; Apetauerova, D.; Bega, D.; Bloom, L.; Bower, J.; Boxer, A.L.; Dale, M.L.; et al. Best
Practices in the Clinical Management of Progressive Supranuclear Palsy and Corticobasal Syndrome: A Consensus Statement of
the CurePSP Centers of Care. Front. Neurol. 2021, 12, 694872. [CrossRef]

144. Currie, G.M.; Kamvosoulis, P.; Bushong, S. PET/MRI, Part 2: Technologic Principles. J. Nucl. Med. Technol. 2021, 49, 217–225.
[CrossRef]

https://doi.org/10.3978/j.issn.2223-4292.2012.12.05
https://www.ncbi.nlm.nih.gov/pubmed/23289085
https://doi.org/10.1016/j.neuroimage.2011.08.043
https://doi.org/10.1093/brain/awv361
https://doi.org/10.1016/bs.irn.2018.10.003
https://www.ncbi.nlm.nih.gov/pubmed/30638455
https://doi.org/10.1053/j.semnuclmed.2021.04.003
https://www.ncbi.nlm.nih.gov/pubmed/34020770
https://doi.org/10.1053/j.semnuclmed.2015.01.001
https://www.ncbi.nlm.nih.gov/pubmed/25841276
https://doi.org/10.1088/1361-6560/abb0f8
https://www.ncbi.nlm.nih.gov/pubmed/33263313
https://doi.org/10.1002/hbm.24314
https://www.ncbi.nlm.nih.gov/pubmed/30076750
https://doi.org/10.1016/bs.irn.2018.07.026
https://www.ncbi.nlm.nih.gov/pubmed/30314608
https://doi.org/10.2967/jnumed.120.261032
https://www.ncbi.nlm.nih.gov/pubmed/34301782
https://doi.org/10.3389/fnins.2019.00782
https://doi.org/10.1007/s13139-016-0393-1
https://doi.org/10.1007/s00330-019-06442-y
https://doi.org/10.1111/jon.12791
https://doi.org/10.1007/s00062-019-00789-x
https://www.ncbi.nlm.nih.gov/pubmed/31098666
https://doi.org/10.1148/ryai.210313
https://www.ncbi.nlm.nih.gov/pubmed/36523647
https://doi.org/10.1002/mrm.25347
https://www.ncbi.nlm.nih.gov/pubmed/24986223
https://doi.org/10.1038/s41467-022-28896-3
https://doi.org/10.1148/radiol.2453061703
https://doi.org/10.1016/j.parkreldis.2018.07.016
https://www.ncbi.nlm.nih.gov/pubmed/30068492
https://doi.org/10.1002/mds.28007
https://www.ncbi.nlm.nih.gov/pubmed/32092195
https://doi.org/10.1002/mds.28992
https://doi.org/10.1016/j.parkreldis.2020.04.014
https://doi.org/10.1080/14737175.2018.1489241
https://doi.org/10.3389/fneur.2021.694872
https://doi.org/10.2967/jnmt.120.261862


Cells 2023, 12, 2776 35 of 35

145. Erlandsson, K.; Buvat, I.; Pretorius, P.H.; Thomas, B.A.; Hutton, B.F. A review of partial volume correction techniques for emission
tomography and their applications in neurology, cardiology and oncology. Phys. Med. Biol. 2012, 57, R119–R159. [CrossRef]

146. Alavi, A.; Werner, T.J.; Høilund-Carlsen, P.F.; Zaidi, H. Correction for Partial Volume Effect Is a Must, Not a Luxury, to Fully
Exploit the Potential of Quantitative PET Imaging in Clinical Oncology. Mol. Imaging Biol. 2018, 20, 1–3. [CrossRef] [PubMed]

147. Marquis, H.; Willowson, K.P.; Bailey, D.L. Partial volume effect in SPECT & PET imaging and impact on radionuclide dosimetry
estimates. Asia Ocean. J. Nucl. Med. Biol. 2023, 11, 44–54. [CrossRef] [PubMed]

148. Gallivanone, F.; Stefano, A.; Canevari, C.; Messa, C.; Gilardi, M.C.; Castiglioni, I. PVE correction in PET from PVE affected images.
In Proceedings of the 2009 IEEE Nuclear Science Symposium Conference Record (NSS/MIC), Orlando, FL, USA, 24 October–1
November 2009; pp. 3146–3150.

149. Erlandsson, K.; Dickson, J.; Arridge, S.; Atkinson, D.; Ourselin, S.; Hutton, B.F. MR Imaging-Guided Partial Volume Correction of
PET Data in PET/MR Imaging. PET Clin. 2016, 11, 161–177. [CrossRef] [PubMed]

150. Hofmann, M.; Steinke, F.; Scheel, V.; Charpiat, G.; Farquhar, J.; Aschoff, P.; Brady, M.; Schölkopf, B.; Pichler, B.J. MRI-based
attenuation correction for PET/MRI: A novel approach combining pattern recognition and atlas registration. J. Nucl. Med. Off.

Publ. Soc. Nucl. Med. 2008, 49, 1875–1883. [CrossRef]
151. Lu, Y.; Toyonaga, T.; Naganawa, M.; Gallezot, J.-D.; Chen, M.-K.; Mecca, A.P.; van Dyck, C.H.; Carson, R.E. Partial volume

correction analysis for 11C-UCB-J PET studies of Alzheimer’s disease. NeuroImage 2021, 238, 118248. [CrossRef]
152. Rousset, O.G.; Ma, Y.; Evans, A.C. Correction for partial volume effects in PET: Principle and validation. J. Nucl. Med. Off. Publ.

Soc. Nucl. Med. 1998, 39, 904–911.
153. Ali, F.; Martin, P.R.; Botha, H.; Ahlskog, J.E.; Bower, J.H.; Masumoto, J.Y.; Maraganore, D.; Hassan, A.; Eggers, S.; Boeve, B.F.; et al.

Sensitivity and Specificity of Diagnostic Criteria for Progressive Supranuclear Palsy. Mov. Disord. Off. J. Mov. Disord. Soc. 2019, 34,
1144–1153. [CrossRef]

154. Owolabi, L. Progressive supranuclear palsy misdiagnosed as Parkinson’s disease: A case report and review of literature. Ann.

Med. Health Sci. Res. 2013, 3, S44–S47. [CrossRef]
155. Johnson, K.B.; Wei, W.Q.; Weeraratne, D.; Frisse, M.E.; Misulis, K.; Rhee, K.; Zhao, J.; Snowdon, J.L. Precision Medicine, AI, and

the Future of Personalized Health Care. Clin. Transl. Sci. 2021, 14, 86–93. [CrossRef] [PubMed]
156. Kurz, C.; Ebersbach, G.; Respondek, G.; Giese, A.; Arzberger, T.; Hoglinger, G.U. An autopsy-confirmed case of progressive

supranuclear palsy with predominant postural instability. Acta Neuropathol. Commun. 2016, 4, 120. [CrossRef] [PubMed]
157. Soleimani-Meigooni, D.N.; Iaccarino, L.; La Joie, R.; Baker, S.; Bourakova, V.; Boxer, A.L.; Edwards, L.; Eser, R.; Gorno-Tempini,

M.-L.; Jagust, W.J.; et al. 18F-flortaucipir PET to autopsy comparisons in Alzheimer’s disease and other neurodegenerative
diseases. Brain A J. Neurol. 2020, 143, 3477–3494. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1088/0031-9155/57/21/R119
https://doi.org/10.1007/s11307-017-1146-y
https://www.ncbi.nlm.nih.gov/pubmed/29181818
https://doi.org/10.22038/aojnmb.2022.63827.1448
https://www.ncbi.nlm.nih.gov/pubmed/36619190
https://doi.org/10.1016/j.cpet.2015.09.002
https://www.ncbi.nlm.nih.gov/pubmed/26952729
https://doi.org/10.2967/jnumed.107.049353
https://doi.org/10.1016/j.neuroimage.2021.118248
https://doi.org/10.1002/mds.27619
https://doi.org/10.4103/2141-9248.121221
https://doi.org/10.1111/cts.12884
https://www.ncbi.nlm.nih.gov/pubmed/32961010
https://doi.org/10.1186/s40478-016-0391-7
https://www.ncbi.nlm.nih.gov/pubmed/27842578
https://doi.org/10.1093/brain/awaa276
https://www.ncbi.nlm.nih.gov/pubmed/33141172

	Introduction 
	Methods 
	Literature Search Strategy 
	Identified Articles 

	Results 
	Methodological Overview for PET 
	First-Generation Tau Tracers 
	Second-Generation Tau Tracers 
	Recent Development of Tracers 

	General Characteristics of Identified Literature 
	Findings from PET/CT with MRI Co-Registration 
	Findings from PET/MRI 
	Findings from PET with Multi-Modal MRI 


	Discussion 
	Conclusions 
	References

