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ARTICLE INFO ABSTRACT

Keywords: Background: Progressive supranuclear palsy (PSP) is a 4-repeat tauopathy with neurodegeneration typically
Progressive supranuclear palsy observed in the superior cerebellar peduncle (SCP) and dentatorubrothalamic tracts (DRTT). However, it is
MPf{fI . o unclear how these tracts are differentially affected in different clinical variants of PSP.

?;a:ts;;:a;?sor 1maging Objectives: To determine whether diffusion tractography of the SCP and DRTT can differentiate autopsy-

Superi confirmed PSP with Richardson’s syndrome (PSP-RS) and PSP with predominant speech/language disorder

uperior cerebellar peduncle

Dentato-rubro-thalamic tract (PSP-SL).

Richardson’s syndrome Methods: We studied 22 autopsy-confirmed PSP patients that included 12 with PSP-RS and 10 with PSP-SL. We
compared these two groups to 11 patients with autopsy-confirmed Alzheimer’s disease with SL problems, i.e.,
logopenic progressive aphasia (AD-LPA) (disease controls) and 10 healthy controls. Whole brain tractography
was performed to identify the SCP and DRTT, as well as the frontal aslant tract and superior longitudinal
fasciculus. We assessed fractional anisotropy and mean diffusivity for each tract. Hierarchical linear modeling
was used for statistical comparisons, and correlations were assessed with clinical disease severity, ocular motor
impairment, and parkinsonism. DRTT connectomics matrix analysis was also performed across groups.

Results: The SCP showed decreased fractional anisotropy for PSP-RS and PSP-SL and increased mean diffusivity in
PSP-RS, compared to controls and AD-LPA. Right DRTT fibers showed lower fractional anisotropy in PSP-RS and
PSP-SL compared to controls and AD-LPA, with PSP-RS also showing lower values compared to PSP-SL. Re-
ductions in connectivity were observed in infratentorial DRTT regions in PSP-RS vs cortical regions in PSP-SL.
PSP-SL showed greater abnormalities in the frontal aslant tract and superior longitudinal fasciculus compared
to controls, PSP-RS, and AD-LPA. Significant correlations were observed between ocular motor impairment and
SCP in PSP-RS (p = 0.042), and DRTT in PSP-SL (p = 0.022). In PSP-SL, the PSP Rating Scale correlated with the
SCP (p = 0.045) and DRTT (p = 0.008), and the Unified Parkinson’s Disease Rating Scale correlated with the
DRTT (p = 0.014).

Conclusions: Degeneration of the SCP and DRTT are diagnostic features of both PSP-RS and PSP-SL and associ-
ations with clinical metrics validate the role of these tracts in PSP-related clinical features, particularly in PSP-SL.
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1. Introduction

Progressive supranuclear palsy (PSP) is a neurodegenerative disorder
typically characterized by ocular motor impairment and early postural
instability with falls (Steele et al., 1964). This typical presentation of
PSP is described as PSP-Richardson’s syndrome (PSP-RS) (Hoglinger
et al., 2017; Litvan et al., 1996; Williams et al., 2005). However, it has
been recognized for many years that PSP can also present with pro-
gressive speech and language deficits, particularly apraxia of speech
(Josephs et al., 2005; Josephs et al., 2006). This clinical variant of PSP
has been added to the recent clinical diagnostic criteria for PSP as PSP
with predominant speech/language disorder (PSP-SL) (Hoglinger et al.,
2017). Patterns of neurodegeneration differ between these two clinical
variants of PSP (PSP-RS and PSP-SL), although there is some overlap
(Whitwell et al., 2020; Whitwell et al., 2021). Whereas PSP-SL has been
associated with involvement of the premotor cortex (Whitwell et al.,
2013; Whitwell et al., 2019), PSP-RS is typically associated with atrophy
of the midbrain, basal ganglia, and frontal lobe (Whitwell et al., 2017).
Imaging studies have also shown that atrophy (Josephs et al., 2008;
Paviour et al., 2005) and diffusion signal changes (Kataoka et al., 2019;
Kataoka et al., 2008) in the superior cerebellar peduncle (SCP) are
characteristic features of PSP-RS.

Diffusion MRI (dMRI) measures water diffusion in the brain and al-
lows for the specific assessment of the integrity of white matter and
directional water diffusion along white matter tracts. dMRI studies have
demonstrated degeneration of the SCP in PSP-RS (Agosta et al., 2012a;
Knake et al., 2010; Nicoletti et al., 2008; Whitwell et al., 2011a; Whit-
well et al., 2014; Whitwell et al., 2021) and shown that degeneration of
the SCP is related to clinical outcomes in PSP-RS, including disease
severity and ocular motor impairment (Whitwell et al., 2019). Abnor-
malities have been observed throughout the dentatorubrothalamic
(DRTT) tract which involves connections from the cerebellar dentate
through the SCP to the red nucleus, and up to the thalamus and the
cortex, in PSP-RS (Whitwell et al., 2011a). An additional advantage of
dMRI is that it allows the mapping of specific tracts that roughly
represent white matter bundles (Jeurissen et al., 2019). Such local fiber
orientations can then be pieced together to infer long-range pathways
linking proximal or remote areas of the brain, a process frequently
named fiber tracking or fiber tractography (Mori and van Zijl, 2002)
Tractography studies have characterized the structural integrity from
large fascicular bundles, like the DRTT (Kwon et al., 2011; Mollink et al.,
2016), and demonstrated abnormalities in the DRTT tract in PSP-RS
(Seki et al., 2018; Surova et al., 2015).

In contrast to PSP-RS, patients clinically diagnosed with PSP-SL show
atrophy of the premotor and motor regions of the frontal lobe, with less
involvement of infratentorial regions (Whitwell et al., 2013; Whitwell
et al., 2019). Using dMRI, we observed greater degeneration of the SCP
in PSP-RS compared to PSP-SL (Whitwell et al., 2021), suggesting that
involvement of the SCP varies across PSP variants. However, no studies
have utilized tractography to assess the degree of involvement of the
SCP or DRTT in PSP-SL. Furthermore, the pathology underlying PSP-SL
is heterogeneous, with PSP pathology only observed in approximately
67% of patients clinically diagnosed with PSP-SL (Hokelekli et al., 2022;
Josephs et al., 2021), and from the Hokelekli study we focus on a sub-
group of PSP-SL patients who underwent neuroimaging studies. Hence,
autopsy-confirmed cases are needed to assess how SCP and DRTT
integrity relates to PSP pathology.

In this study, we applied dMRI tractography to determine specific
features of the SCP and DRTT that allow the characterization of autopsy-
confirmed PSP in patients who initially presented as PSP-RS and PSP-SL.
Our working hypothesis is that the integrity of the SCP and DRTT can
potentially differentiate these two PSP variants and that these tracts may
have different relationships to clinical outcomes in these PSP variants.
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2. Methods
2.1. Participants

PSP patients for this study were prospectively recruited by the
Neurodegenerative Research Group (NRG) from the Department of
Neurology at the Mayo Clinic, Rochester, Minnesota between 02/2010
and 12/2018. All participants underwent detailed neurological, neuro-
psychological, and speech and language assessments and cognitive
screen, as well as a 3 T MRI protocol that included dMRI. To be included
in this study, patients must have received a clinical diagnosis of possible
or probable PSP-RS or possible PSP-SL during life according to recent
diagnostic criteria (Hoglinger et al., 2017), have died and undergone a
brain autopsy, and received an autopsy diagnosis of PSP (Hauw et al.,
1994). A total of 12 autopsy-confirmed PSP-RS patients and 11 autopsy-
confirmed PSP-SL patients were identified. These groups were compared
to two control cohorts that had undergone identical neuroimaging: 1) a
disease control cohort that consisted of 10 patients with speech/lan-
guage problems but with AD pathology at autopsy (Montine et al., 2012)
(diagnosed clinically with logopenic progressive aphasia (AD-LPA)
(Botha et al., 2015; Gorno-Tempini et al., 2008)) and 2) 10 cognitively
unimpaired control participants. Healthy controls were included if they
did not have any complaints of cognitive, motor, or behavioral abnor-
malities and performed normally on the Montreal Cognitive Assessment
Battery (MoCA) (>26) and the Hoehn and Yahr scale (score of 0). The
study was approved by the Mayo Clinic IRB and informed consent was
obtained from all participants.

2.2. Imaging analysis

2.2.1. Data acquisition and preprocessing

All patients and controls underwent a standardized MRI protocol on
a 3 T GE scanner. The imaging protocol included a 3D Magnetization
Prepared Rapid Acquisition Gradient-Echo (MPRAGE) sequence as well
as a dMRI sequence with a spin-echo single shot Echo Planar Imaging
(EPI) sequence. Each dMRI scan included a set of two diffusion-weighted
values: b = 0 and b = 1000 s/mm?. Forty-one diffusion gradients were
included on each shell. The in-plane resolution was 1.36 mm scanned
with 2.0 mm isotropic voxels, with a slice thickness of 2.7 mm. Images
were corrected for head motion, Eddy current, and susceptibility artifact
distortion using standard algorithms extensively described elsewhere
(Andersson et al., 2018; Andersson and Sotiropoulos, 2016). Addition-
ally, diffusion data was checked by an automatic quality control routine
to ensure its accuracy and avoid outliers (Schilling et al., 2019b).

A diffusion tensor model was estimated and subsequently used to
calculate fractional anisotropy (FA) and mean diffusivity (MD)
employing an open-source software (DSI studio) [https://dsi-studio.labs
olver.org] (Yeh, 2021). Incorporated algorithms on this software allow
checking the accuracy and reliability of the data [SRC fiber quality
control] (Yeh et al., 2019b). Seed points were manually selected based
on a balance given by input data and an optimal number of the tract by
visual inspections. Our basic criteria applied to mean this balancing
technique for selecting the number of seed points (Cheng et al., 2012;
Zajac et al., 2017). Regions where the mean FA was below 0.2, were
removed from consideration. Datasets from each group were non-
linearly co-registered using a probabilistic brain atlas via an iterative
group-wise registration algorithm and spatially normalized into a
Montreal Neurological Institute (MNI) space to generate an averaged
diffusion template (1 mm isotropic). On occasions, due to gross
anatomical degeneration/deformations, manual correction, and
realignment of grey and white matter regions of interest were performed
by experienced users familiar with neuroanatomical landmarks.

2.2.2. Tractography reconstructions
Tractography was calculated for the SCP and DRTT, as well as for
four association tracts. The third inner branch of the superior
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Table 1
Demographic and clinical features of the groups.
Control (N PSP-RS PSP-SL AD-LPA p value
=10) (N=12) (N =10) (N=11)
Female sex 4 (40%) 6 (50%) 6 (60%) 8 (73%) 0.481
Education 14 (12, 16) 14 (12, 16 (15, 16 (15, 0.117
16) 20) 17)
Age onset, y 65 (60, 73 (65, 64 (60, 0.089
66) 74) 68)
Age MRI, y 63 (60, 67) 68 (63, 78 (72, 72 (63, 0.011
71) 82) 74)
Onset to 43,4 6(5,8) 4(3,5) 0.004
MRI, y
MRI to 2(2,3) 4(@,4 4(4,6) < 0.001
death, y
MoCA 28 (24, 29) 22 (21, 22 (18, 17 (14, 0.021
27) 26) 24)
PSIS 43,4 1(Q,3) 0(0,0) 0.006
MDS-UPDRS 47 (46, 32 (25, 4(2,6) < 0.001
11 54) 68)
PSP Rating 43 (38, 32 (18, 44,4 0.127
Scale 49) 49)
WAB-AQ 90 (80, 82 (76, 0.172
96) 86)
ASRS 2(2,3) 25 (23, 32,49 0.002
31)

Abbreviations: MoCA, Montreal Cognitive Assessment; PSP-RS, Progressive
Supranuclear Palsy, Richardson’s syndrome-; PSP-SL, Progressive Supranuclear
Palsy with predominant Speech/Language disorder; AD-LPA, Alzheimer’s dis-
ease with Logopenic Progressive Aphasia; PSIS, PSP Saccadic Impairment Scale;
MDS-UPDRS III, Movement Disorder Society-sponsored revision of the -Unified
Parkinson’s Disease Rating Scale; WAB-AQ, Western Aphasia Battery Aphasia
Quotient; ASRS, Apraxia of Speech Rating Scale total score.

longitudinal fasciculus and the frontal aslant tract was assessed since
they are frequently affected in patients with PSP-RS and patients with
apraxia of speech/agrammatic aphasia (Josephs et al., 2013). We also
included for negative comparison purposes the middle longitudinal and
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inferior longitudinal fasciculi, as these are less involved in PSP. A whole-
brain deterministic fiber tracking algorithm (with augmented tracking
strategies) was used to improve reproducibility (Yeh et al., 2013). An
anatomical tractography atlas was used to map all tracts (Abos et al.,
2019; Yeh et al., 2018). A seeding region was placed at a standardized
white matter region of interest. The anisotropy threshold, angular
threshold, and step size were randomly selected by the software. Tracks
with a length shorter than 3 mm or longer than 5,000 mm were dis-
carded. A total of 500,000 seeds were placed with a distance voxel
tolerance of 32 mm.

2.2.3. Correlative tractography & tractograms

Conveying quantitative measures to the reconstructed tractography
streamlines, numerical quantities (average numerical values and vari-
ance) from derived diffusivity parameters (FA or MD) can be mapped to
points on the reconstructed streamlines and displayed on the fiber tracts
themselves. To estimate the false discovery rate (FDR), a total of 4000
randomized permutations were applied to the group label to obtain the
null distribution of the track length. An FDR threshold of 0.05 was used
to select tracks. A non-parametric Spearman’s correlation was used to
derive the correlations between DTI parameters and clinical scores. A T-
score threshold of 2.5 was assigned and tracked (Yeh et al., 2016b). We
derived correlational tractograms to represent negative or positive as-
sociations between FA and clinical parameters (Yeh et al., 2016a), and
map spatial correlations (Chamberland et al., 2019). Clinical scales used
included the PSP Saccadic Impairment Scale (PSIS) (Whitwell et al.,
2011c), PSP Rating Scale (Golbe and Ohman-Strickland, 2007; Hall
etal., 2015), and the Movement Disorders Society-sponsored revision of
the Unified Parkinson’s Disease Rating Scale part III for motor impair-
ment (MDS-UPDRS- III) (Kroonenberg et al., 2006).

2.2.4. Connectomics & connectivity matrix
Structural connectivity matrixes from each PSP group were calcu-
lated by grey matter region-of-interest connected along the tract
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Fig. 2. Estimated differences between groups in fractional anisotropy (FA) and mean diffusivity (MD) W-scores based on posterior distributions from the hierarchical
models. Each median difference is denoted by a circle and hemisphere is denoted by color and letter; yellow and “L” indicate left while blue and “R” indicate right.
The SCP is bilateral, is colored green, and has no letter overlaid on the median estimate. Behind each circle are whiskers denoting confidence intervals. The thick
whiskers denote an 80% interval showing when neither whisker crosses the zero-line, moderate evidence (posterior probability > 0.90) of a difference between
groups. The thin whiskers represent a 90% interval, and the thin whisker not crossing the zero line indicates strong evidence (posterior probability > 0.95) of a
difference between groups. Abbreviations: DRTT, dentato-rubro-thalamic tract, SCP, superior cerebellar peduncle; FAT, frontal Aslant tract; ILF, inferior longitudinal
fascicle; MDLF, middle longitudinal fasciculi; SLF-3, superior longitudinal fasciculi (inner portion); PSP-RS, Progressive Supranuclear Palsy, Richardson’s syndrome;
PSP-SL, Progressive Supranuclear Palsy with predominant Speech/Language disorder; AD-LPA, Alzheimer’s disease with Logopenic Progressive Aphasia. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(DRTT). Due to the crossing nature of the DRTT, areas from the cere-
bellum IIL, IV, V, VI, VIII, X, cerebellum crus I & II, as well as the dentate
nucleus (left side) were included on the ipsilateral side (Kwon et al.,
2011). The red nucleus, the thalamic and frontal areas (frontal superior
2, frontal superior medial, precentral postcentral) represented the DRTT
contralateral side. Both SCP and DRTT fiber streams were calculated
using the dMRI settings as previously described. Comparisons of PSP-RS
and PSP-SL were established by connectivity strength on the right DRTT
by Pearson’s correlations within the average matrix.

2.3. Statistical analysis

All statistical analyses were performed using R statistical software (R
Core Team, 2020) version 4.0.3 and GraphPad prism 9.0 for windows
(San Diego, CA, USA, www. graphpad.com). To determine whether
there were group-wise differences across tracts and hemispheres, we
used an age-adjusted FA or MD score as the outcome predicted by the
group within each tract and hemisphere. To achieve this, first W-scores
were generated by fitting, within tract and hemisphere, linear regression
in controls predicting average FA and MD, respectively, by an intercept
and age term. Then these model fits were used to predict expected FA

and MD values for each case. Following, standardized residuals were
created by subtracting the expected value from the observed value,
dividing by the standard deviation of the residuals of controls used in
each original linear model. These plots serve to visualize our data as well
as check for outliers. A Bayesian hierarchical model prospectively
manages the problem of multiple comparisons and allows us to include
multiple measurements per person in a single model (Greenland, 2000).
These models are used for the analysis of individual tracts and hemi-
spheres in each DTI contrast, FA, or MD, predicting W-score, age-
adjusted FA or MD respectively, using the following terms: (i) an over-
all intercept, (ii) tract-and-side specific estimates for each group (i.e., we
are pooling some information across groups within tract-and-side), and
(iii) overall intercept per person (this adjusts for a person being gener-
ally “high” or generally “low” overall). After the model was fit using
Markov-Chain Monte Carlo simulation, posterior probabilities were
calculated from the set of posterior samples (a common method of model
fitting in the Bayesian paradigm). Posterior probabilities > 0.90 were
considered moderate evidence of a difference and either posterior
probabilities > 0.95 (1/20 chance of being wrong) or > 0.99 (1/100
chance of being wrong) as strong evidence, based on clinical preference.
Correlations between DTI parameters and collected clinical variables
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Table 2
Hierarchical Linear Model - Posterior probabilities.
. PSP-RS vs PSP-SL vs AD-LPA vs PSP-RS vs PSP- PSP-RS vs AD-
Contrast Tract Side Control Control Control SL LPA PSP-SL vs AD-LPA

SCP Bilateral 0.999 0.999 0.521 0.538 0.998 0.998
Left 0.825 0.743 0.599 0.936 0.781 0.754

DRTT
Right >0.999 >0.999 0.752 0.966 >0.999 0.998
FAT Left 0.779 0.901 0.520 0.666 0.782 0.889
Right 0.726 0.548 0.686 0.768 0.652 0.620
FA SLF3 Left 0.584 0.555 0.518 0.530 0.591 0.560
Right 0.547 0.736 0.618 0.766 0.506 0.755
\LF Left 0.888 0.889 0.533 0.533 0.879 0.863
Right 0.838 0.908 0.506 0.599 0.833 0.888
Left 0.955 0.929 0.561 0.617 0.946 0.905

MDLF
Right 0.847 0.661 0.645 0.746 0.810 0.596
SCp Bilateral >0.999 0.998 0.993 >0.999 >0.999 0.824
Left 0.841 0.607 0.511 0.698 0.792 0.636

DRTT
Right 0.512 0.912 0.739 0.833 0.608 0.889
FAT Left 0.585 0.962 0.896 0.924 0.779 0.898
Right 0.907 0.588 0.607 0.777 0.816 0.529
MD SLF3 Left 0.711 0.976 0.944 0.969 0.891 0.882
Right 0.538 >0.999 0.994 >0.999 0.939 0.996
ILF Left 0.894 0.844 0.669 0.557 0.787 0.815
Right 0.971 0.541 0.671 0.891 0.958 0.664
Left 0.593 0.827 0.752 0.696 0.556 0.753

MDLF
Right 0.954 0.887 0.697 0.620 0.860 0.847

Dark orange shading indicates strong evidence of a difference (posterior probability > 0.95) and lighter shading indicates moderate evidence of a difference (posterior
probability > 0.90). Abbreviations: PSP-RS, Progressive Supranuclear Palsy, Richardson’s syndrome; PSP-SL, Progressive Supranuclear Palsy with predominant
Speech/Language disorder; AD-LPA, Alzheimer’s disease with Logopenic Progressive Aphasia; DRTT; dentato-rubro-thalamic tract; SCP, superior cerebellar tract; FAT,
frontal Aslant tract; ILF, inferior longitudinal fascicle; MDLF, middle longitudinal fasciculi; SLF-3, superior longitudinal fasciculi (inner portion).

from PSP subjects were performed using Spearman’s rank correlation
coefficient. Coefficients of correlation (r) > 0.5 were interpreted as
strongly correlated (Schober et al., 2018). Specifically, correlations be-
tween FA and MD from each tract were explored with PSIS, PSP Rating
scale, MDS-UPDRS III, MoCA, and MMSE. Our correlation analyses
didn’t account for age because they are marginal and the lower sample
size of each group, ignoring the effects of age in the results of our cor-
relations. We used Benjamini-Hochberg method test (Benjamini and
Hochberg, 1995) for multiple comparison corrections.

3. Results
3.1. Demographic and clinical group comparisons

The four groups did not differ in terms of sex or education, but there
was a difference in age at scan, with the oldest age observed in PSP-SL
and in time from MRI to death with the shortest median time between
MRI and death in the PSP-RS group (Table 1). The groups also differed
on the MoCA, with the lowest scores observed in AD-LPA.

3.2. Tractography of the SCP and DRTT

Initial FA and MD data for each tract and study group are shown in
plots from Fig. 1. Pair-wise group differences in W-scores with posterior
probabilities from the hierarchical model are shown in Fig. 2 and
Table 2. Inter-group comparisons performed using the hierarchical
linear model revealed both moderate evidence (posterior probability >
0.90) and strong evidence (posterior probabilities > 0.95) for differ-
ences across tracts. In the SCP, there was strong evidence of lower FA in
both PSP-RS and PSP-SL compared to AD-LPA and controls, with no
differences observed between PSP-RS and PSP-SL. However, MD was
only increased in PSP-RS compared to controls, with PSP-RS showing
strong evidence for greater MD compared to PSP-SL and AD-LPA. For the

DRTT, there was strong evidence of lower FA in the right DRTT in PSP-
RS and PSP-SL compared to controls and AD-LPA, with moderate-strong
evidence that PSP-RS had lower FA than PSP-SL. There was no strong
evidence for group differences in MD for the DRTT.

From each group, our combined SCP tractography demonstrated a
significant reduction of fibers in both PSP-RS and PSP-SL (Supplemen-
tary Fig. 1). Based on an initial equal number of seeds, our DRTT re-
constructions showed a significant decrease in the number of DRTT
stems in the PSP-RS group compared to the PSP-SL group (Fig. 3).

3.3. Connectomics of the DRTT

Connectomics analysis inter-region Pearson correlation coefficients
for the DRTT are shown in Fig. 4. The PSP-RS group showed negative
correlations within infratentorial cerebellar regions and negative cor-
relations between infratentorial regions and supratentorial regions,
including the thalamus and frontal regions. In contrast, the PSP-SL group
showed negative correlations within supratentorial regions, and be-
tween supratentorial and infratentorial regions. No negative correla-
tions were identified in controls or AD-LPA.

3.4. Tractography of association tracts

In the frontal aslant tract, there was strong evidence for greater MD
and moderate evidence for lower FA on the left in PSP-SL compared to
controls (Table 2 and Fig. 2). There was also moderate evidence for
greater MD in the left frontal aslant tract in PSP-SL compared to PSP-RS
and moderate evidence for lower MD in the right frontal aslant tract in
PSP-RS compared to controls. No group differences were observed for
FA in the superior longitudinal fasciculus. However, there was strong
evidence for greater MD in the superior longitudinal fasciculus in PSP-SL
compared to controls, PSP-RS, and AD-LPA (Fig. 2 and Table 2). There
was also moderate-strong evidence for greater MD in the superior
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Alzheimer’s disease with Logopenic Progressive Aphasia.

longitudinal fasciculus in AD-LPA compared to controls and PSP-RS,
particularly on the right.

3.5. Correlations with clinical metrics

Correlations between FA in the SCP and the PSIS were stronger in the
PSP-RS group (r = 0.59, p = 0.042) compared to the PSP-SL group (r =
0.37, p = 0.28), showing lower FA with worsening ocular motor
impairment in PSP-RS. On the other hand, a stronger association was
observed between FA and PSIS on DRTT fibers from the PSP-SL group (r
= 0.84, p = 0.022) (Fig. 5A). Significant correlations between SCP and
DRTT FA and the PSP rating scale were observed in the PSP-SL group (r
=0.64, p = 0.045 for CSP and r = 0.78, p = 0.008, for DRTT), but not in
PSP-RS (Fig. 6A). Similarly, a significant correlation was observed be-
tween FA in the DRTT and MDS-UDPRS III in the PSP-SL group (r = 0.74,
p = 0.014). Correlations with the MDS-UPDRS III occurred in the most
anterior portion of the DRTT tractograms in PSP-SL (Fig. 6B). However
after using Benjamini-Hochberg method test, none of these correlations
survive the corrections.

4. Discussion

In this study, we confirmed the involvement of the SCP and DRTT in
PSP-RS and further demonstrated that these tracts are also degenerated
in PSP-SL, implying a specific PSP-related pattern of local vulnerability.
However, our measures could also differentiate PSP-RS and PSP-SL, with
greater SCP and DRTT degeneration observed in PSP-RS and additional
degeneration of association tracts usually impaired in language pa-
thology, including the frontal aslant tract and superior longitudinal
fasciculus, in PSP-SL. There was also evidence of different patterns of
structural connectivity of the DRTT, with PSP-RS showing greater

disruption of connections in infratentorial regions and PSP-SL showing
greater disruption in supratentorial regions. Lastly, diffusivity was not
affected in the SCP and DRTT in AD-LPA.

Our results for PSP-RS concur with previous tractography studies
that have demonstrated degeneration of the DRTT, as well as the SCP
(Kataoka et al., 2019; Sakamoto et al., 2021; Seki et al., 2018), though
our study demonstrates the involvement of these tracts in autopsy-
confirmed PSP cases. The results also demonstrate that these tracts are
involved in PSP-SL, again utilizing cases with PSP at autopsy, suggesting
that SCP and DRTT degeneration may be a common biomarker of PSP
pathology. We previously found relative sparing of the SCP in PSP-SL,
although that study utilized region-of-interest-based analyses rather
than tractography, and the cohort lacked autopsy confirmation (Whit-
well et al., 2021). Patients with PSP-SL can also have corticobasal
degeneration at autopsy (Hokelekli et al., 2022), and hence it would be
reasonable to conclude that the diffusion signal in our previous study
was weakened by the inclusion of corticobasal degeneration. Brainstem
involvement is greater in speech-language patients with PSP compared
to those with corticobasal degeneration (Josephs et al., 2021). No pre-
vious study has assessed the DRTT in PSP-SL, and here we demonstrate
that the DRTT is involved in PSP-SL, although to a lesser extent than is
seen in PSP-RS. Furthermore, we found different patterns of structural
connectivity breakdowns, with PSP-RS showing greater breakdowns in
infratentorial regions and their connections, while PSP-SL showed
greater breakdowns in supratentorial regions and their connections.
This would fit with the fact that PSP-SL is associated with a shift in the
distribution of tau pathology, with greater cortical pathology and less
involvement of the brainstem compared to PSP-RS (Josephs et al., 2005;
Whitwell et al., 2020). Furthermore, PSP-related features and involve-
ment of the brainstem develop later in the disease course in PSP-SL
(Whitwell et al., 2019). Also consistent with this shift in pathology
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was the fact that the PSP-SL group showed greater degeneration of the
frontal aslant tract and superior longitudinal fasciculus compared to
PSP-RS. Regarding right DRTT diffusivities in the PSP-SL group, con-
nectomics studies have demonstrated an asymmetric distribution of
cerebello-thalamic connections favorable to the right side of the cere-
bellum (Ou et al., 2021). Given that the distribution of the ascending
crossing fibers projecting to the contralateral motor/premotor and
prefrontal regions of the frontal lobe are dependent on thalamic-cerebral
connections it is possible for a preferential disconnection at the infra-
tentorial levels in the PSP-SL groups. Another possibility is that micro-
structural changes in the DRTT are indirectly related to language
impairment, but play a more important role in the extrapyramidal
symptomatology of PSP (Hana et al., 2016).

The frontal aslant tract has previously been shown to be associated
with speech and language features, including fluency (Catani et al.,
2013; Dick et al., 2019) which suggests that involvement of this tract is
related to the speech and language abnormalities observed in PSP-SL.
Previous studies have found that the superior-medial (supracallosal)
portion of the left frontal superior longitudinal fasciculus is also asso-
ciated with speech pathology (Davtian et al., 2008; Madhavan et al.,
2014). These two tracts were involved to a greater degree in PSP-SL
compared to AD-LPA, although AD-LPA also showed abnormalities in
the superior longitudinal fasciculus compared to controls and PSP-RS.
These findings concord with previous studies that found abnormalities
in the superior longitudinal fasciculus in patients with agrammatic

primary progressive aphasia, which overlaps clinically with PSP-SL
(Agosta et al., 2012b; Galantucci et al., 2011; Whitwell et al., 2010),
and in patients with LPA (Galantucci et al., 2011; Madhavan et al., 2016;
Mahoney et al., 2013). The third segment of the superior longitudinal
fasciculus is more involved in agrammatic primary progressive aphasia
compared to LPA (Galantucci et al., 2011). The inferior and middle
longitudinal fasciculi were preserved in both PSP groups and showed
increased MD compared to AD-LPA and controls. Although the reason
for this increase is unclear, it may be related to the capacity of the brain
to compensate for the cellular loss by neuroplasticity mechanisms,
rewiring, and masking regional white matter changes during the evo-
lution of the disease (Gatto, 2020).

The underlying representation of diffusivity parameters remains
uncertain, it is possible to interpret FA as a general indicator of axonal
degeneration, and assume MD as a measure of interstitial diffusivity,
(Gatto et al., 2021). In the context of PSP, the decrease in FA could be
part of the tau-driven pathology mechanism, whereas MD findings may
be related to underlying gliotic infiltrative and neuroinflammatory
processes, (Ling et al., 2016; Pascual et al., 2021) (Whitwell et al.,
2011b), or the presence of brain atrophy on the macro-pathological (ie
millimeter) level. As the differences between groups in FA were greater
than differences in MD it is possible that the two PSP variants are not
equally affected by tau aggregation, with a different distribution across
the neuroaxis determining the different connectivity changes and clin-
ical presentations.
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We also found relationships between tract integrity and clinical
features in our cohort that differed between the two PSP variants. The
severity of ocular motor impairment was associated with degeneration
of the SCP in the PSP-RS group, and the DRTT in the PSP-SL group. This
may imply that eye movement anomalies in PSP-RS patients tend to
occur due to the involvement of impaired conjugate gaze systems within
midbrain regions where the oculomotor nucleus is located. Conversely,
the association of DRTT and ocular motor impairment in PSP-SL may
represent impairment of the supranuclear oculomotor component due to
a cortical and ocular motor disconnection through nerves that control
eye movement (Karatas, 2009; Morris et al., 1999). Diffusion metrics
from the SCP have previously been shown to correlate to ocular motor
impairment (Zhang et al., 2016) and disease severity (Agosta et al.,
2014; Whitwell et al., 2011c) in PSP-RS. Some imaging studies have also
shown that SCP atrophy correlates with disease duration (Tsuboi et al.,
2003). The DRTT was also associated with disease severity measured by
the PSP Rating Scale and parkinsonism measured by the MDS-UPDRS III
in PSP-SL, but not in PSP-RS. The fact that the DRTT, but not the SCP,
correlated with PSP features in PSP-SL may reflect the greater

FA vs PSIS

involvement of the cortex in PSP-SL. We found that correlations between
FA and the MDS-UDPRS III were predominantly located in the anterior
(frontal) position of the DRTT. Therefore, the selective involvement of
DRTT axons in PSP variants could explain the severity of different PSP
features.

The detection of microstructural diffusivity changes does not
necessarily guarantee anatomical changes in dMRI tractography re-
constructions (Thomas et al., 2014). As an example, increasing MD
changes detected in SCP from PSPRS did not show ostensible changes in
the fiber tract reconstructions. This could reinforce the theory that micro
diffusivity changes captured by MD are more related to extracellular
compartment anomalies that could be an independent finding of axonal
degeneration not detected by the tractography reconstructions. Another
possible explanation could reside in the difference between the voxel
size and biological ultrastructure scales, which makes it extremely
challenging to detect early WM changes, even with high magnetic fields
(Gatto et al., 2018; Gatto et al., 2019). Therefore, partial volume effects
need to be considered when diffusion MRI and other imaging techniques
need to be compared (Alexander et al., 2001).



R.G. Gatto et al.

A SCP

Neurolmage: Clinical 35 (2022) 103030

B PSP-RS DRO:FT PSP-SL

PSP-RS PSP-SL
% =022 0 r=0.64 r=0.27 r=0.74
0.50 ’ 0.50 0s 05{ o ®
[ o . ) y —_ @
< 0.45 o ¢ o <« 0.45 \;\\ . é °e°® Lo § ’ Ll S °
% . g —

o .. 0w I 04 Y . 04 ° *

" =048 . | 0,045 : p=03892 ° p=0014

0.3+ T T T T 1 0.3
3% 20 20 0 20 0302 20 70 P 0 20 40 6 80 100 0 20 40 60 8 100
PSP Rating Scale PSP Rating Scale UDPRS III UDPRS III
DRTT PSP-RS

0.55

r=0.28 r=0.78

0.5

< e o 0.50 :
% © < °

= R \., = ¢ ° °

0.4 L4 o . 045

p=037 ° p=0.008 s °
0.3+ 0.40+ |
0 20 40 60 80 0 20 40 60 80

PSP Rating Scale PSP Rating Scale

FAvs. UDPRSTIT = 0 c—

Fig. 6. Correlations between FA and the PSP Rating Scale and UPDRS III. Fig. 6A Initial correlative analysis- SCP & DRTT between fractional anisotropy (FA) and PSP
rating Scale by Spearman rank-order correlations coefficients (r) have shown high values in the PSP-SL groups. Fig. 6B - Similar larger r values were also seen from
correlations between FA and the motor examination (Part III) of the Unified Parkinson’s Disease Rating Scale (UDPRS III). Note that DRTT tractograms representing
the negative t-distribution between FA and UDPRS III also display higher association in the PSP-RS group, particularly located in the anterior sections of the tract (*).

The accuracy of our tractography reconstructions is intrinsically
limited due to brain tissue loss and significant anatomical distortions
making it a challenging task in some cases to manually adjust each atlas-
based anatomical region of interest and avoid misrepresentations.
Although new automatic techniques have been developed to remove
false connections using topology-informed pruning to improve tractog-
raphy accuracy (Yeh et al., 2019a) its potential application in the
neurodegenerative field remains uncertain due to the possibility of
removing true deficient connections and eliminating valuable informa-
tion. Although dMRI can perform DRTT reconstructions with acceptable
accuracy compared to histological techniques (Mollink et al., 2016),
tractography has limited capabilities when facing complex micro-
architectural patterns (Campbell and Pike, 2014; Schilling et al., 2019a;
Thomas et al., 2014). This is particularly relevant due to the crossing
nature of DRTT fibers. To address these limitations, recent work has
applied fixel-based analysis, a technique that facilitates fiber tract-
specific statistical analysis in the investigation of diffusivity properties
of DRTT fibers from PSP patients (Sakamoto et al., 2021). Along those
lines, whole-voxel reconstruction techniques like generalized g-sam-
pling imaging (Tuch, 2004) have been postulated as an ideal technique
to provide additional intra-voxel information and improvements in
anatomical accuracy (Yeh et al., 2010). Therefore, the limitations of
dMRI-based tractography reconstructions (Bonilha et al., 2015) and
their influence on the representation of brain connectivity need to be
considered. Future studies will be needed to investigate if alternative
diffusion methods can enhance brain connectivity and network ana-
lytics, as well as to better differentiate PSP variants. The number of
participants in our cohort was also relatively small due to the require-
ment of autopsy confirmation, and hence our findings will need to be
replicated in larger studies to determine generalizability. Regarding our
statistical analysis, we chose a priori to correct for age in our hierar-
chical model and not sex given our limited sample size and the fact that
age, more than sex, was deemed more likely to affected associations.
Although the gender ratios did not differ significantly, there was an
imbalance which could have influenced the dMRI findings. Future
studies with larger cohorts will be needed to assess gender effects on
diffusivity in these disorders. We were also aware of the disparities in
terms of disease duration across groups. However, correcting for these
differences is not straight forward. The PSP-SL group had a longer time

from onset to MRI but also a longer total duration from onset to death
compared to PSP-RS. In fact, the MRI scans were performed at a similar
relative time in the total disease course in both groups. PSP-SL patients
typically have a longer disease course than PSP-RS patients because they
have relatively isolated speech and language deficit for on average 5-6
years before developing clinical features of PSP correcting for disease
(Whitwell et al., 2019).This is an important factor to be considered in
the interpretation of the correlative data analysis for each PSP subgroup.
We also noted that in the PSP-RS group, there was only a trend in the
correlations between DRTT’s FA and UPDRS-motor scale III & PSP rating
scales. This is likely due to a limited range of scores on both scales.

We intended to use the AD-LPA group as a positive disease control
group in which we did not expect to see changes in the SCP and DRTT.
This helps to support the specificity of the findings to our PSP groups and
illuminate potential methodological confounds. As part of our future
directions, we consider comparing PSP-SL to other groups, such as
nfvPPA patients with underlying TDP-43 pathology, although we do not
have yet a large enough cohort of such patients.

5. Conclusions

This study showed that degeneration of the SCP and DRTT occur in
both PSP-RS and PSP-SL and are associated with clinical features in
these patients. The assessment of microstructural changes by combining
dMRI metrics and tractography techniques has improved the neuro-
imaging characterization of PSP variants. However, considerations
regarding the different age of prevalence on each PSP subgroup, and
proper statistical corrections, need to be considered in the interpretation
of the results. The use of dMRI metrics in the context of clinical char-
acterization may be considered a potentially useful approach to support
PSP neuropathological findings and a valuable diagnostic tool in the
study of imaging PSP biomarkers in this patient population.
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