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ABSTRACT

Objectives In this prospective, longitudinal,
multiparametric MRI study, we investigated clinical

as well as brain grey matter and white matter

(WM) regional changes in patients with progressive
supranuclear palsy-Richardson’s syndrome (PSP-RS).
Methods Twenty-one patients with PSP-RS were
evaluated at baseline relative to 36 healthy controls and
after a mean follow-up of 1.4 years with clinical rating
scales, neuropsychological tests and MRI scans.

Results Relative to controls, patients with PSP-RS
showed at baseline a typical pattern of brain damage,
including midbrain atrophy, frontal cortical thinning and
widespread WM involvement of the main infratentorial
and supratentorial tracts that exceeded cortical damage.
Longitudinal study showed that PSP-RS exhibited no
further changes in cortical thinning, which remained
relatively focal, while midbrain atrophy and WM damage
significantly progressed. Corpus callosum and frontal
WM tract changes correlated with the progression of
both disease severity and behavioural dysfunction.
Conclusions This study demonstrated the feasibility

of carrying out longitudinal diffusion tensor MRI in
patients with PSP-RS and its sensitivity to identifying the
progression of pathology. Longitudinal midbrain volume
loss and WM changes are associated with PSP disease
course.

INTRODUCTION

Progressive supranuclear palsy (PSP) is a rare neuro-
degenerative disease associated with 4R tauopathy.’
The most common clinical presentation of PSP is
Richardson’s syndrome (PSP-RS), in which patients
have insidious early onset of a symmetric akinet-
ic-rigid syndrome with vertical supranuclear gaze
palsy, early backward falls and frontal dysfunc-
tion.! 2 There are currently no effective therapies
to treat 4R tauopathies. However, new pharmaco-
logical agents targeting tau accumulation are being
developed. Powerful biomarkers that can accurately
measure disease progression and assess the effec-
tiveness of therapeutic interventions are therefore
urgent.

Remarkable midbrain and cortical atrophy,
usually involving the premotor and prefrontal
regions, are typically observed in PSP-RS.> More
recently, extensive cortical thinning was found in
the frontal, temporal, parietal and occipital cortex,
cingulum, and insula in patients with PSP-RS
compared with controls.*™ Several prospective MRI

studies followed the progression of brain atrophy
in patients with PSP-RS. Rates of atrophy of whole
brain, midbrain and basal ganglia are increased in
PSP-RS compared with controls.””'® Regional grey
matter (GM) volume loss in PSP-RS over the course
of 6 months or longer has been identified in fronto-
parietal and temporal cortical regions.”” Decline in
frontal lobe®? and midbrain”” volumes correlated
with clinical worsening.

White matter (WM) damage has been demon-
strated to be a striking feature of frontotemporal
lobar degeneration (FTLD) pathology, particularly
of tau pathology, which is uniquely associated with
specific WM diseases such as astrocytic and oligo-
dendroglial inclusions." '* There is also growing
evidence that propagation of tau aggregates from
affected to unaffected brain areas may occur along
defined anatomical connections within neuronal
networks through intercellular transfer.'* Diffusion
tensor (DT) MRI is a valuable non-invasive imaging
technique for the assessment of the WM structure
of the brain. In patients with PSP-RS, DT MRI
abnormalities have been observed predominantly
in the superior cerebellar peduncles (SCPs), cere-
bellum, corpus callosum and frontal WM.*? 1*71¢ In
PSP-RS, WM diffusivity alterations have been found
to have a more widespread distribution in the brain
than GM atrophy."” There is also evidence that WM
abnormalities correlated with clinical disability and
cognitive impairment in these patients.*® 141618

Assessing progression of WM degeneration in
PSP-RS may provide surrogate markers of disease
progression. Extensive WM volume loss after 1year
in frontal and parietal lobes, brainstem, and cere-
bellum was observed in patients with PSP-RS using
structural MRL” To our knowledge, only one longi-
tudinal DT MRI study reported microstructural
WM changes over 6 months in SCPs and left infe-
rior frontal WM in patients with PSP-RS."” SCP DT
MRI changes were associated with ocular motor
decline.” The question of whether there is a tight
coupling of GM and WM damage over time and
with disease progression remains unknown.

In this prospective, longitudinal, multiparametric
MRI study, we investigated clinical as well as brain
GM and WM regional changes in patients with
PSP-RS over 1.4-year follow-up using cortical thick-
ness measures, midbrain volumetry and DT MRI.
We also explored the neuroanatomical correlates of
clinical, cognitive and behavioural decline associ-
ated with the disease.
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METHODS

Participants

Twenty-one native Serbian-speaking patients meeting the criteria
for probable PSP-RS* were consecutively recruited at the Clinic of
Neurology, Faculty of Medicine, University of Belgrade, Serbia.
Thirty-six age-matched healthy controls were also enrolled. To be
included, subjects had to have no (other) neurological, psychiatric
and major medical conditions, or history of substance abuse; and
no other causes of brain damage, including lacunae, and extensive
cerebrovascular disorders on routine MRI. Healthy controls were
included if the neurological assessment was normal, Mini-Mental
State Examination (MMSE) score was =28and no subjective
cognitive complaints were reported. Ten patients with PSP-RS and
all healthy controls were part of a previously published cross-sec-
tional study.”

Patients with PSP-RS were evaluated at baseline and after a
mean follow-up of 1.4 years with clinical rating scales, neuro-
psychological tests and MRI scans. Experienced neurologists,
blinded to MRI results, performed clinical evaluations. Disease
severity was assessed using the Unified Parkinson’s Disease
Rating Scale (UPDRS), the Hoehn and Yahr stage score, and the
PSP Rating Scale (PSPRS)."* Healthy controls performed clinical,
neuropsychological and MRI assessments at study entry only.

All participants (or their caregivers) provided written informed
consent prior to study inclusion.

MRI study

Baseline and follow-up brain MRI scans were acquired on the
same 1.5 Tesla Avanto scanner. The following MRI sequences
were obtained: dual-echo, three-dimensional (3D) sagittal
T1-weighted and DT MRI. The online supplementary appendix
reports details on MR sequence parameters.

MRI analysis was performed at the Neuroimaging Research
Unit, Scientific Institute San Raffaele, Milan, Italy, by a single
experienced observer, blinded to subject identity. Details on MRI
analysis are provided in the online supplementary appendix.
Cortical reconstruction and estimation of cortical thickness
were performed on the 3D T1-weighted images using the Free-
Surfer V.5.3 image analysis suite (http://surfer.nmr.mgh.harvard.
edu/). To evaluate longitudinal cortical changes in patients with
PSP-RS, T1-weighted images were automatically processed with
the longitudinal stream in FreeSurfer.”” DT MRI analysis was
performed using the FSL (V.5.0.9) tool (http://www.fmrib.ox.
ac.uk/fsl/fdt/index.html) and the JIM software package (V.6.0,
http://www.xinapse.com). Tract-based spatial statistics V.1.2
(http://www.fmrib.ox.ac.uk/fsl/tbss/index.html) was used to
perform both cross-sectional and longitudinal multisubject DT
MRI analysis. Midbrain volume was obtained from T1-weighted
images using FSL.

A region-of-interest (ROI) analysis on middle cerebellar
peduncles (MCPs) and SCPs was also performed. The Johns
Hopkins University WM tractography atlas (http://fsl.fmrib.ox.
ac.uk/fsl/data/atlas-descriptions.html) was used to identify the
corresponding ROIs. ROIs were then overlaid onto the mean
fractional anisotropy (FA) image of each subject and masked
with the WM skeleton. For each subject, mean DT MRI values
were derived for each ROL

Statistical analysis

Demographic, clinical, cognitive midbrain volume, and MCP and SCP
DT MRI data

Analyses were run using SAS Release V.9.1. Measures were
reported as means and SD or frequencies and percentages for

continuous and categorical variables, respectively. Hoehn and
Yahr scale scores are shown as median+IQR. Normal distri-
bution assumption was checked by means of Q-Q plot and
Shapiro-Wilk test. Group comparisons were performed using
Mann-Whitney U test or Pearson’s X test for continuous and
categorical variables, respectively. Differences in midbrain
volumes between patients with PSP-RS and healthy controls
at baseline were examined using Mann-Whitney U test. Serial
data from patients with PSP-RS (including clinical, cognitive,
midbrain volume, MCP and SCP DT MRI values) were anal-
ysed using longitudinal linear models accounting for unequally
spaced follow-up intervals assuming a spatial power covari-
ance matrix (P<0.035, false discovery rate (FDR) corrected for
multiple comparisons). We performed a correlation analysis
between midbrain volume changes and motor, cognitive and
behavioural changes (as reported in table 1), using non-para-
metric Spearman’s rank correlations (P<0.05, FDR corrected
for multiple comparisons).

Cortical thickness measures

First, a cross-sectional vertex-by-vertex analysis was performed
to assess differences of cortical thickness between controls and
patients with PSP-RS at baseline, using a general linear model
in FreeSurfer. Second, longitudinal changes of cortical thickness
measures between baseline and follow-up in patients with PSP-RS
were assessed using a paired analysis in FreeSurfer (https://surfer.
nmr.mgh.harvard.edu/fswiki/PairedAnalysis), adjusting for time
interval between baseline and follow-up scans. Maps showing
between-group differences were obtained by thresholding the
t-statistic at P<0.05, FDR-corrected for multiple comparisons.

WM damage

Baseline between-group comparisons were performed to assess
voxel-wise differences in mean (MD), axial (axD) and radial
diffusivities (radD), and FA maps using a permutation-based
inference tool for non-parametric statistical thresholding
(‘randomise’, part of FSL).*' Voxel-wise WM change maps
for each subject were obtained by subtracting baseline from
follow-up DT MRI map (projected onto common skeleton).
Then, permutation tests were applied to WM change maps to
assess DT MRI alterations over time in PSP-RS group, adjusting
for time interval between scans. Correlations between DT MRI
and motor, cognitive and behavioural changes (as reported in
table 1) were tested using general linear models, adjusting for
time interval. For all analyses, the number of permutations was
set at 5000,%" and the resulting statistical maps were thresh-
olded at P<0.05, corrected for multiple comparisons at the
cluster level using the threshold-free cluster enhancement
(TFCE) option.”

RESULTS

Demographic, clinical and cognitive data: baseline and
longitudinal changes

At study entry, patients with PSP-RS were in a moderate stage
of disease as detected by UPDRS, Hoehn and Yahr and PSPRS
scales (table 1). They also showed mild to moderate multi-
domain cognitive deficits and behavioural alterations compared
with controls (table 1). Over 1.4-year follow-up, patients with
PSP-RS showed significant motor worsening as revealed by the
increased scores on UPDRS, UPDRS-III, Hoehn and Yahr and
PSPRS (table 1). Over follow-up, they also showed a cognitive
decline and more severe apathy (table 1).
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Table 1 Demographics, clinical, cognitive and midbrain volume findings in PSP-RS and healthy controls at baseline and follow-up

Demographics Healthy controls Patients with PSP-RS P (patients vs healthy controls)

N 36 21 -

Age at study entry, years 64.8+7.0 62.9+6.5 0.30
Sex (men/women) 21115 16/5 0.25
Education, years 13.7+£3.2 12.0+2.8 0.07
Age at onset, years - 60.0+6.4 -
Disease duration, years - 2.9+1.2 -
Time interval between MRI scans, years - 1.4+0.7 (1.0-3.3) -

Clinical data Baseline Follow-up P (baseline vs follow-up)
UPDRS total - 67.6+21.4 91.6+18.9 <0.001
UPDRS-II - 39.1+12.9 51.3+8.9 <0.001
Hoehn and Yahr - 3(2-5) 4 (3-5) <0.001
PSPRS - 41.1+£13.9 57.4+13.4 <0.001

Cognitive data
MMSE 28.9+1 25.6+3.4* 22.0+4.6 0.01
ACE-R global 91.6+5.9 75.9+10.6* 67.2+12.5 0.03

ACE-R attention 17.3+0.9 15.3+£1.9% 14.3+2.5 0.21
ACE-R fluency 11.0£1.8 6.1£2.7* 5.1£2.2 0.28
ACE-R language 23.9+4.8 23.5+1.6 22.3+2.9 0.14
ACE-R memory 24.0+2.6 18.7£4.8* 16.2+3.7 0.12
ACE-R visuospatial 145.£1.8 11.1£2.0* 9.1+4.1 0.12
RAVLT immediate recall 42.3+3.8 30.9+7.6* 22.5+10.6 0.01
RAVLT delayed recall 6.7+0.8 3.8+1.5* - -
FAB 16.6+1.4 10.4+4.0* 8.1+3.9 0.12

Mood and behaviour
HARS 5.3+3.8 7.8+6.2* 8.3+5.3 0.46
HAMD 6.3+4.4 12.1£7.1% 14.5+6.7 0.08
AES 43+2.5 20.6+8.7* 26.6+7.6 0.003
NPI - 14.1£11.8 24.9+15.9 0.004
Normalised midbrain volume, mL 7.96+0.73 6.71+£1.12* 6.43+1.32 0.001

Values are mean=SD. Hoehn and Yahr scale scores are shown as median+IQR.
*P<0.05 versus healthy controls at study entry.

ACE-R, Addenbrooke's Cognitive Examination—Revised; AES, Apathy Evaluation Scale; FAB, Frontal Assessment Battery; HAMD, Hamilton Depression Rating Scale; HARS, Hamilton
Anxiety Rating Scale; MMSE, Mini-Mental State Examination; NPI, Neuropsychiatric Inventory; PSPRS, PSP Rating Scale; PSP-RS, progressive supranuclear palsy Richardson’s
syndrome; RAVLT, Rey Auditory Verbal Learning Test; UPDRS, Unified Parkinson’s Disease Rating Scale.

Cortical thickness: baseline and longitudinal changes

At baseline patients with PSP-RS showed medial and dorsolat-
eral frontal thinning compared with controls at threshold of
P<0.05 FDR-corrected (figure 1A; online supplementary E-table
1). Small areas of thinning were detected in temporoparietal and
occipital cortical regions, bilaterally (P<0.05 FDR-corrected;
figure 1A; online supplementary E-table 1). Over 1.4-year
follow-up, patients with PSP-RS did not show cortical thickness
changes at threshold of P<0.05 FDR-corrected. Only when using
a less stringent threshold (P<0.01, uncorrected) for illustrative
purpose small areas of thinning occurred in the frontotempo-
roparietal regions bilaterally (figure 1B; online supplementary
E-table 2).

WM damage: baseline and longitudinal changes

At baseline, patients with PSP-RS presented a distributed WM
damage (decreased FA and increased MD, axD and radD)
involving the SCPs, cerebellar WM, midbrain and pons, corpus
callosum, and the majority of WM associative tracts rela-
tive to healthy controls (P<0.05 TFCE-corrected; figure 2A).
Over 1.4-year follow-up, PSP-RS showed a widespread
pattern of increased MD and radD and decreased FA values
with an anterior-to-posterior gradient, involving the corpus

callosum, long-association frontoparietotemporal WM tracts
and anterior thalamic radiations bilaterally at threshold of
P<0.05 TFCE-corrected (figure 2B). A small region of increased
axD was also observed in the left anterior thalamic radiations
(P<0.05 TFCE-corrected; figure 2B). Infratentorial WM did
not show significant longitudinal voxel-wise DT MRI changes at
threshold of P<0.05 TFCE-corrected (figure 2B). ROI analysis
revealed a significantly increased MD of the right SCP over time
in patients with PSP-RS (P=0.04 FDR-corrected; online supple-
mentary E-table 3), while no change was observed in the MCP
(online supplementary E-table 3).

Midbrain volume: baseline and longitudinal changes

Patients with PSP-RS showed midbrain atrophy relative to
controls at baseline (P=0.001FDR-corrected; table 1). Over
follow-up, patients with PSP-RS showed a significant midbrain
volume loss (P=0.001 FDR-corrected; table 1).

Clinicoanatomical correlations

In patients with PSP-RS, midbrain volume loss over time correlated
with increases of UPDRS total (r=—0.65; P=0.001FDR-cor-
rected) and UPDRS-II (r=-0.60; P=0.004 FDR-corrected)
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(A) PSP-RS vs HC (baseline)

p< 0.05 FDR

00 200 5.00
=

p < 0.01 uncorrected

Figure 1 Cortical thickness analysis in patients with progressive
supranuclear palsy-Richardson’s syndrome (PSP-RS) at baseline and

over follow-up. (A) Distribution of cortical thinning on the pial surface in
patients with PSP-RS relative to healthy controls (HC) at baseline. Results
are false discovery rates (FDR) corrected for multiple comparisons (P<0.05).
(B) Cortical thickness changes over follow-up in patients with PSP-RS.
Results are shown at P<0.01, uncorrected for multiple comparisons. Colour
bar represents t-values. L, left; R, right.

scores, and decreased MMSE (r=0.47; P=0.03 FDR-corrected).
No correlations were found between midbrain volume loss and
changes in other clinical scales, including the PSPRS. In patients
with PSP-RS, PSPRS changes over follow-up were correlated
with MD increase in the genu and body of corpus callosum, ante-
rior thalamic radiations, and frontotemporal and frontoparietal
WM fibres at threshold of P<0.05 TFCE-corrected (figure 3A).
Behavioural changes over follow-up, as detected by the Neuro-
psychiatric Inventory (NPI), were associated with longitudinal
FA decrease and MD increase in the genu of corpus callosum
and right WM tracts including anterior thalamic radiations,
and frontoparietal WM at threshold of P<0.05 TFCE-corrected
(figure 3B). In patients with PSP-RS, NPI changes correlated
also with longitudinal MD increase in the body and splenium of
corpus callosum, and the left frontoparietal WM at threshold of
P<0.05 TFCE-corrected (figure 3B). DT MRI changes did not
correlate with other clinical modifications.

DISCUSSION

In this study, we described the longitudinal clinical, cognitive
and brain GM and WM changes in patients with PSP-RS. At
baseline, patients with PSP-RS showed a typical pattern of brain
damage, including midbrain atrophy, prominent frontal cortical
thinning (extended minimally to temporoparietal regions) and
widespread WM involvement of the main infratentorial and
supratentorial tracts that exceeded cortical damage.® Longitu-
dinal study showed that PSP-RS exhibited no further changes
in cortical thinning, while midbrain atrophy and WM damage
significantly progressed with a substantial impact on clinical
decline. Interestingly, WM changes in PSP-RS involved mainly
supratentorial frontal WM tracts, while cerebellar WM damage
did not progress much.

Patients with PSP-RS showed significant midbrain volume
loss over 1.4-year follow-up that was also related to disease
severity and cognitive worsening, in accordance with previous
findings.””

PSP-RS vs HC (baseline)

Figure 2 White matter diffusion tensor MRI findings in patients with
progressive supranuclear palsy-Richardson’s syndrome (PSP-RS) at baseline
and over follow-up. (A) Decreased fractional anisotropy (FA, red) and
increased mean (MD, blue), axial (axD, pink) and radial diffusivities (radD,
cyan) in patients with PSP-RS relative to healthy controls (HC) at baseline.
(B) Decreased FA (red) and increased MD (blue), axD (pink) and radD
(cyan) in patients with PSP-RS over follow-up. Results are overlaid on the
axial and sagittal sections of the Montreal Neurological Institute standard
brain in neurological convention (right is right), and displayed at P<0.05
corrected for multiple comparisons at the cluster level using the threshold-
free cluster enhancement option. The white matter skeleton is green. L, left;
R, right.

We found that progressive WM degeneration is a remarkable
feature of PSP-RS, although most WM was already involved at
study entry. Diffusivity changes were prominent in supraten-
torial brain WM tracts, compared with cerebellum where we
observed only an increased MD of the right SCP. These find-
ings are partially in contrast with a previous longitudinal DT
MRI study reporting over a 6-month follow-up major DT MRI
changes in the SCPs and only small regions of damage in the
inferior frontal WM. ' SCP degeneration has been demonstrated
in many cross-sectional DT MRI studies of PSP-RS.® 1823 2* SCP
tract is particularly vulnerable to tau accumulation and its degen-
eration is a hallmark of PSP pathology.” It is plausible that SCP
involvement at baseline was already too severe to show addi-
tional marked DT MRI changes over time. The shorter follow-up
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(A) Longitudinal WM vs PSP-rating scale changes

Figure 3  Correlations between clinical worsening and MRI changes over
follow-up in patients with progressive supranuclear palsy-Richardson’s
syndrome (PSP-RS). (A) Significant correlations between PSP Rating Scale
(PSPRS) and white matter (WM) mean diffusivity (MD, blue) changes in
patients with PSP-RS. (B) Significant correlations between Neuropsychiatric
Inventory (NPI) and WM mean diffusivity (MD, blue) and fractional
anisotropy (red) changes in patients with PSP-RS. Results are overlaid on
the axial and sagittal sections of Montreal Neurological Institute standard
brain in neurological convention (right is right), and displayed at P<0.05
corrected for multiple comparisons using the threshold-free cluster
enhancement option. The white matter skeleton is green. L, left; R, right.

duration of the previous study'® (6 months vs 1.4 years) and the
fact that our patients with PSP-RS were slightly clinically more
advanced, as suggested by UPDRS-III and PSPRS scores, might
explain differences among studies. The relatively small patients’
sample size in both studies might also have contributed to the
inconsistencies in DT MRI results.

Conversely, no significant progression of cortical thinning was
detected in patients with PSP-RS, with the damage remaining
relatively focal. Some previous regional volumetric studies of
PSP-RS showed high rate of atrophy in frontal cortical regions,””
in relation with clinical decline.®” Differences in MRI method-
ology and statistical testing might explain discrepancies among
studies. The previous studies used voxel-based morphometry’
or measured ROI volumes using automated approaches.® ® It
is noteworthy that GM volume changes can result from alter-
ations in two cortical components, cortical thickness and cortical
surface area. These two measures seem to reflect different struc-
tural characteristics of the human cortex and are likely to be
driven by distinct cellular factors (ie, the number of cortical
columns for cortical surface area and the number of cells within
a column for cortical thickness).?® Considering that GM volume
has been more strictly associated with cortical surface area rather
than with thickness,”” results from the present and previous
volumetric studies are difficult to be compared. Although
more studies are needed to elucidate the relation between the
two techniques, it is important to note that cortical thickness
measures have been suggested to be more specific than those
obtained by volume-based studies in neurodegenerative disor-
ders.”® Moreover, cortical thickness provides a direct index of
cortical morphology that is less susceptible to variations in indi-
vidual positioning, as the extraction of the cortex follows the

GM surface regardless of positional variance, especially in the
intrasubject comparison between baseline and follow-up scans.”

Corpus callosum changes correlated with the progression of
both disease severity and behavioural dysfunction, in keeping
with previous cross-sectional results.’ ' ** This finding is not
surprising since the corpus callosum conveys commissural fibres
across the hemispheres contributing to motor and high-order
cognitive functions, and to interhemispheric integration and
transfer of information. We also showed that longitudinal DT
MRI changes of frontal WM tracts contribute to clinical and
behavioural worsening. These findings expand the cross-sec-
tional evidence of the remarkable clinical impact of frontal
circuit disconnection in PSP-RS.** '* 18 Abnormalities of asso-
ciation tracts linking the prefrontal areas with parietal cortex,
ventral and orbital frontal regions to the anterior temporal lobe,
and frontotemporal with occipital areas have been previously
related with behavioural abnormalities in neurodegenerative
diseases'® ** including patients with PSP-RS.?! Overall, our find-
ings of NPI correlations with broad WM degeneration reinforce
the hypothesis that neuropsychiatric abnormalities in neurode-
generative disorders are the result of ‘disconnection syndrome’,
rather than the consequence of damage to a particular brain
region.>

This study is not without limitations. First, diagnosis was not
pathologically confirmed. However, the usual clinical features of
PSP-RS, which have been confirmed over time in our patients,
permit accurate antemortem diagnosis in most cases.’ Second,
patients with PSP-RS were not included at disease onset, in
keeping with the well-known diagnostic challenges in the early
phase of the disease’ and the characteristics of PSP samples
enrolled in previous longitudinal studies.”” ' Third, healthy
controls did not perform longitudinal MRI study; thus, we
cannot exclude the possibility that WM changes were partially
age-related. However, a previous longitudinal DT MRI study
showed that the magnitude of (small) FA changes observed in
healthy elderly controls over 1year was about twofold to three-
fold less compared with the changes found in patients with
behavioural-variant frontotemporal dementia and primary
progressive aphasia.”* Fourth, the follow-up period was rela-
tively long; thus, the higher sensitivity of DT MRI measures
relative to regional GM changes over a shorter interval has to be
confirmed. In addition, as range of time interval between scans
was heterogeneous among patients, it was used to adjust longi-
tudinal analyses. Lastly, our study included only typical PSP-RS
cases. Future studies should examine longitudinal MRI changes
in atypical variants of PSP

This study is among the first to demonstrate the feasibility of
carrying out longitudinal DT MRI in patients with PSP-RS and
its ability to identifying the progression of pathology. Our results
demonstrated that both midbrain volume loss and longitudinal
WM changes correlated with clinical changes in patients with
PSP-RS. Future studies on larger PSP-RS populations in the early
stage of the disease are needed to confirm our findings and even-
tually validate DT MRI as a reliable tool to monitor response to
FTLD-tau modifying treatments, as they will become available.

Acknowledgements The authors thank the patients and their families for the
time and effort they dedicated to the research.

Contributors FA: study concept/design, analysis/interpretation of data, drafting
the manuscript for content. FC, PV, AM and MC: analysis/interpretation of data,
revising the manuscript for content. MJ-L and INP: acquisition of data, analysis/
interpretation of data, revising the manuscript for content. VSK: study concept/
design, interpretation of data, revising the manuscript for content, obtaining funding.
MEF: study concept/design, interpretation of data, revising the manuscript for content,
study supervision and coordination, obtaining funding.

700 Agosta F, et al. J Neurol Neurosurg Psychiatry 2018;89:696—701. doi:10.1136/jnnp-2017-317443

1ybLAdoo Ag paroalold 1sanb Ag 8T0Z aunr Tz uo jwod fwg duuly:diny woiy papeojumoq ‘8T0Z Alenuer 8T UO ¢/ TE-2T0Z-duul/9eTT 0T Se paysiignd 1siiy :Airelyohsd BinsoinaN |oJnaN ¢


http://jnnp.bmj.com/

Movement disorders

Funding This study was partially supported by the Ministry of Education, Science 11 Nishimura M, Namba Y, lkeda K, et al. Glial fibrillary tangles with straight tubules
and Technological Development of the Republic of Serbia (project no. 175090). in the brains of patients with progressive supranuclear palsy. Neurosci Lett
Competing interests FA is Section Editor of Neurolmage: Clinical; has received 1992,143:35-8. ) iy
speaker honoraria from EXCEMED—Excellence in Medical Education and Biogen Idec; 12 Ya_mgda T,_McGeg PL, McGegr EG. Appearance of pawgd nlucleated,Tau—posmve
and receives research support from the Italian Ministry of Health, AriSLA (Fondazione glia |r.1 pat_'ents with progressive supranuclear palsy brain tissue. Neurosdi Lett
Italiana di Ricerca per la SLA), and the European Research Council. FC, MJ-L, INP 1992;135:99-102. ) ) - -
and AM report no disclosures. INP has received speaker honoraria from Boehringer 13 CIavag_uera F, Hench ), Goedert M, et al. Invited review: Prion-like transmission and
Ingelheim, GSK, EI Pharma, Roche and Actavis. PV has received speaker honoraria sprgadmg of tau pathology. Neuropatho{App/ Neurobiol 201 5.;41 4758,
from EXCEMED—Excellence in Medical Education. MC has received compensation 14 Whitwell L, Master AV, A.Wla R, et al. Clinical correlates of white matter tract
for consulting and/or serving on advisory boards from Teva Pharmaceuticals and degenerat'?” In progressive supranuclgar palsy.Arch Neurol 291 1;68:753,760' )
Biogen Idec. VSK has received research grants from the Ministry of Education and 15 Agosta . P',eva”' M, Svetel M, et al. D'.ffus'[?n tensor MRl Com.”bmes to differentiate
Science, Republic of Serbia and the Serbian Academy of Science and Arts; and Richardson’s syndrome from PSP-parkinsonism. Neurobiol Aging 2012;33:2817-26.
speaker honoraria from Novartis. MF is Editor-in-Chief of the Journal of Neurology ; 16 TessnorelA, Glordanp A, Caiazzo G, et al. Clinical cgrrelat'lons of microstructural
serves on a scientific advisory board for Teva Pharmaceutical Industries; has received changes in progressive supranuclear palsy. Neurobiol Aging 2014;35:2404-10.
compensation for consulting services and/or speaking activities from Biogen Idec, 17 Agosta F, Galantucci S, Magnani G, et al. MRI signatures of the frontotemporal lobar
EXCEMED, Merck Serono and Teva Pharmaceutical Industries; and has received degeneration continuum. Hum Brain Mapp 2015;36:2602-14.
research support from Biogen Idec, Merck Serono, Teva Pharmaceutical Industries, 18 Agosta F, Galantucci S, Svetel M, et al. Clinical, cognitive, and behavioural
Italian Ministry of Health, Fondazione Italiana Sclerosi Multipla, Cure PSP, Alzheimer's correlates of white matter damage in progressive supranuclear palsy. / Neurof
and Drug Discovery Foundation, and the Jacques and Gloria Gossweiler Foundation 2014;261:913-24. ) ) o
(Switzerland). 19 Zhang Y, Walter R, Ng P, et a/. Progression of microstructural degeneration in

. ) ) ) ) progressive supranuclear palsy and corticobasal syndrome: a longitudinal diffusion
Ethics approvg! Local_ ethl_cal standards committee on human experimentation tensor imaging study. PLoS One 2016;11:¢0157218.
(Faculty of Medicine, University of Belgrade) approved the study protocol. 20 Reuter M, Schmansky NJ, Rosas HD, et a/. Within-subject template estimation for
Provenance and peer review Not commissioned; externally peer reviewed. unbiased longitudinal image analysis. Neuroimage 2012;61:1402-18.

) ) ) ) 21 Nichols TE, Holmes AP. Nonparametric permutation tests for functional neuroimaging:
©Art|c|e author(s) (or their employer(s) unlesg otheryvlse stqted in the text of the a primer with examples. Hum Brain Mapp 2002;15:1-25.
article) 2018. All rights reserved. No commercial use is permitted unless otherwise 22 Smith SM, Nichols TE. Threshold-free cluster enhancement: addressing problems of
expressly granted. smoothing, threshold dependence and localisation in cluster inference. Neuroimage
2009;44:83-98.

REFERENCES 23 Whitwell JL, Schwarz CG, Reid RI, et al. Diffusion tensor imaging comparison of

1 Boxer AL, YuJT, Golbe LI, et al. Advances in progressive supranuclear palsy: progressive supranuclear palsy and corticobasal syndromes. Parkinsonism Relat Disord
new diagnostic criteria, biomarkers, and therapeutic approaches. Lancet Neurol 2014;20:493-8.
2017;16:552-63. 24 Whitwell JL, Avula R, Master A, et al. Disrupted thalamocortical connectivity in PSP: a

2 Hoglinger GU, Respondek G, Stamelou M, et a/. Clinical diagnosis of progressive resting-state fMRI, DTI, and VBM study. Parkinsonism Relat Disord 2011;17:599-605.
supranuclear palsy: The movement disorder society criteria. Mov Disord 25 Tsuboi Y, Slowinski J, Josephs KA, et al. Atrophy of superior cerebellar peduncle in
2017;32:853-64. progressive supranuclear palsy. Neurology 2003;60:1766-9.

3 Whitwell JL, Hoglinger GU, Antonini A, et al. Radiological biomarkers for diagnosis in 26 Rakic P. Spedification of cerebral cortical areas. Science 1988;241:170-6.

PSP: where are we and where do we need to be? Mov Disord 2017;32:955-71. 27 ImK, Lee JM, Lyttelton O, et a/. Brain size and cortical structure in the adult human

4 Worker A, Blain C, Jarosz J, et al. Diffusion tensor imaging of Parkinson’s disease, brain. Cereb Cortex 2008;18:2181-91.
multip\e system atrophy and progressive Supranudear pa|5y; a tract-based 5patia| 28 DuAT, Schuff N, Kramer JH, et al. Different regional patterns of cortical thinning in
statistics study. PLoS One 2014;9:e112638. Alzheimer's disease and frontotemporal dementia. Brain 2007;130:1159-66.

5 Caso F, Agosta F, Volonté MA, et al. Cognitive impairment in progressive supranuclear 29 Kim JS, Singh V, Lee JK, et al. Automated 3-D extraction and evaluation of the
palsy-Richardson’s syndrome is related to white matter damage. Parkinsonism Relat inner and outer cortical surfaces using a laplacian map and partial volume effect
Disord 2016:31:65-71. classification. Neuroimage 2005;27:210-21.

6 Zanigni S, Evangelisti S, Testa C, et a/. White matter and cortical changes in atypical 30 Hornberger M, Geng J, Hodges JR. Convergent grey and white matter evidence
parkinsonisms: a multimodal quantitative MR study. Parkinsonism Relat Disord of orbitofrontal cortex changes related to disinhibition in behavioural variant
2017;39:44-51. frontotemporal dementia. Brain 2011;134:2502—12.

7 DuttS, Binney RJ, Heuer HW, et al. Progression of brain atrophy in PSP and CBS over 31 Kvickstrom P, Eriksson B, van Westen D, et al. Selective frontal neurodegeneration
6 months and 1 year. Neurology 2016;87:2016-25. of the inferior fronto-occipital fasciculus in Progressive Supranuclear Palsy (PSP)

8 Hoglinger GU, Schépe J, Stamelou M, et al. Longitudinal magnetic resonance imaging demonstrated by diffusion tensor tractography. BMC Neurol 2011;11:13.
in progressive supranuclear palsy: a new combined score for clinical trials. Mov Disord 32 Kosti¢ VS, Filippi M. Neuroanatomical correlates of depression and apathy
2017;32:842-52. in Parkinson’s disease: magnetic resonance imaging studies. J Neurol Sci

9 Josephs KA, Xia R, Mandrekar J, et al. Modeling trajectories of regional volume loss in 2011;310:61-3.
progressive supranuclear palsy. Mov Disord 2013;28:1117-24. 33 Respondek G, Kurz C, Arzberger T, et al. Which ante mortem clinical features predict

10 Whitwell JL, Xu J, Mandrekar JN, et al. Rates of brain atrophy and clinical decline progressive supranuclear palsy pathology? Mov Disord 2017;32:995-1005.
over 6 and 12-month intervals in PSP: determining sample size for treatment trials. 34 Lam BY, Halliday GM, Irish M, et al. Longitudinal white matter changes in
Parkinsonism Relat Disord 2012;18:252—6. frontotemporal dementia subtypes. Hum Brain Mapp 2014;35:3547-57.

Agosta F, et al. J Neurol Neurosurg Psychiatry 2018;89:696—701. doi:10.1136/jnnp-2017-317443 701

1ybLAdoo Ag paroalold 1sanb Ag 8T0Z aunr Tz uo jwod fwg duuly:diny woiy papeojumoq ‘8T0Z Alenuer 8T UO ¢/ TE-2T0Z-duul/9eTT 0T Se paysiignd 1siiy :Airelyohsd BinsoinaN |oJnaN ¢


http://dx.doi.org/10.1016/S1474-4422(17)30157-6
http://dx.doi.org/10.1002/mds.26987
http://dx.doi.org/10.1002/mds.27038
http://dx.doi.org/10.1371/journal.pone.0112638
http://dx.doi.org/10.1016/j.parkreldis.2016.07.007
http://dx.doi.org/10.1016/j.parkreldis.2016.07.007
http://dx.doi.org/10.1016/j.parkreldis.2017.03.001
http://dx.doi.org/10.1212/WNL.0000000000003305
http://dx.doi.org/10.1002/mds.26973
http://dx.doi.org/10.1002/mds.25437
http://dx.doi.org/10.1016/j.parkreldis.2011.10.013
http://dx.doi.org/10.1016/0304-3940(92)90227-X
http://dx.doi.org/10.1016/0304-3940(92)90145-W
http://dx.doi.org/10.1111/nan.12197
http://dx.doi.org/10.1001/archneurol.2011.107
http://dx.doi.org/10.1016/j.neurobiolaging.2012.02.002
http://dx.doi.org/10.1016/j.neurobiolaging.2014.03.028
http://dx.doi.org/10.1002/hbm.22794
http://dx.doi.org/10.1007/s00415-014-7301-3
http://dx.doi.org/10.1371/journal.pone.0157218
http://dx.doi.org/10.1016/j.neuroimage.2012.02.084
http://dx.doi.org/10.1002/hbm.1058
http://dx.doi.org/10.1016/j.neuroimage.2008.03.061
http://dx.doi.org/10.1016/j.parkreldis.2014.01.023
http://dx.doi.org/10.1016/j.parkreldis.2011.05.013
http://dx.doi.org/10.1212/01.WNL.0000068011.21396.F4
http://dx.doi.org/10.1126/science.3291116
http://dx.doi.org/10.1093/cercor/bhm244
http://dx.doi.org/10.1093/brain/awm016
http://dx.doi.org/10.1016/j.neuroimage.2005.03.036
http://dx.doi.org/10.1093/brain/awr173
http://dx.doi.org/10.1186/1471-2377-11-13
http://dx.doi.org/10.1016/j.jns.2011.05.036
http://dx.doi.org/10.1002/mds.27034
http://dx.doi.org/10.1002/hbm.22420
http://jnnp.bmj.com/

	Tracking brain damage in progressive supranuclear palsy: a longitudinal MRI study
	Abstract
	Introduction
	Methods
	Participants
	MRI study
	Statistical analysis
	Demographic, clinical, cognitive midbrain volume, and MCP and SCP DT MRI data
	Cortical thickness measures
	WM damage


	Results
	Demographic, clinical and cognitive data: baseline and longitudinal changes
	Cortical thickness: baseline and longitudinal changes
	WM damage: baseline and longitudinal changes
	Midbrain volume: baseline and longitudinal changes
	Clinicoanatomical correlations

	Discussion
	References


