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Abstract

Objectives: To identify diagnostic and prognostic biomarkers in the cerebral white (WM) and the deep grey
matter (GM) in patients with Parkinson’s disease (PD) and atypical parkinsonian syndromes (APS) using
magnetic resonance imaging (MRI).

Methods: Patients with a clinical diagnosis of PD, multiple system atrophy (MSA) and progressive supranuclear
palsy (PSP) were included in the study. Patients and controls underwent standardized clinical assessment and
testing regarding motor and cognitive function. All patients underwent MRI, including Diffusion tensor imaging
(DTI), Diffusion tensor tractography (DTT), Diffusion kurtosis imaging (DKI), Neurite density Imaging (NDI),
morphometric analyses and susceptibility weighted imaging (SWI).

Results:

In paper | we assessed both global and regional changes in larger cerebral WM tracts of patients with PD, MSA-
P, and PSP, employing DTT. We found that the anterior portion of the corpus callosum is a promising region for
detection of neurodegenerative changes in patients with PSP, as well as for differential diagnosis between PSP
and PD.

In paper Il we investigated the disease specific changes in the basal ganglia, the thalamus, the pons, the
midbrain, and the dentato-rubro-thalamic tract (DRTT) of patients with PD, MSA-P, and PSP, using DTI and
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associated with disease stage and impaired motor function.
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difficulty (PIGD) and tremor dominant (TD) PD. We found that patients with PD exhibit diffusion MRI (dMRI)
changes in the putamen, the thalamus, and the superior longitudinal fasciculus associated with worse disease
severity. However, the dMRI changes were not sufficiently specific to improve the diagnostic work-up of PD.

In paper IV we investigated longitudinal dMRI measures over a two year period in PD. The study indicates that in
PD microstructural changes in the putamen occur selectively over a two-year period and can be detected with
DKI.

In paper V we evaluated the use of quantitative susceptibility mapping (QSM) for clinical diagnostics in PD, PSP
and MSA. PSP showed higher susceptibility in the globus pallidus, substantia nigra, red nucleus and dentate
nucleus compared to all other groups, and higher putaminal susceptibility compared to PD and controls. MSA
showed higher putaminal susceptibility compared to PD and controls, and higher susceptibility in the substantia
nigra and dentate nucleus compared to PD. Discriminant analysis between PSP and all other groups combined,
a sensitivity of 91% and specificity of 97% was achieved. Using all regions to separate MSA from all other
groups combined, a sensitivity of 70% and specificity of 93% was noted. We also found correlations between
disease severity measured by motor part of unified PD raiting scale (UPDRS-III) and putaminal susceptibility in
PD.
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Populérvetenskaplig sammanfattning

Parkinsons sjukdom (PS) dr den nist vanligaste neurodegenerativa sjukdomen, dér
nervsystemet bryts ned, och dess betydelse Okar nir befolkningen aldras.
Sjukdomen belastar patienter, anhoriga och samhéllet. Likemedel som kan stoppa
sjukdomen saknas. Misslyckade resultat fran stora kliniska likemedelspréovningar
speglar bl.a. bristen pd metoder for tidig sjukdomsdiagnostik. Hjarnavbildning med
Single-photon emission computed tomography (SPECT) och Positron emission
tomography (PET) kan anvindas for att detektera brist pd dopaminceller vid PS,
men stralning och hdga kostnader begransar deras kliniska anvéndbarhet, liksom att
forandringarna inte ar specifika for PS utan dven ses vid s.k. atypisk parkinsonism
(progressiv supranuclear paralys (PSP) och multipel system atrofi (MSA).
Magnetisk resonanstomografi (MRT, eng. MRI) av hjirna ér allmént tillgénglig och
saker bildhanteringsmodalitet, fast den inte kan pévisa tecken till PS.

Diffusion MRT (dMRT), en MRT-sekvens, vilken avbildar mikrostrukturen i
normal och patologisk vdvnad baserad pé vattenmolekylernas mojlighet till spontan
mikroskopisk rorelse som man kallar for diffusion. I omraden i hjdrna med tét
packade celler blir diffusionen langsam i alla riktningar, medan i cellstrukturer som
ar extremt avldnga, exempelvis nervfibrer, kan diffusionshastigheten skilja sig
mellan olika riktningar. Diffusion kan ocksé fordndras om celler eller nervtradar i
hjérna angripas av en PS, PSP, MSA eller och erséttas med fordndrad vivnad. Med
dMRT kan vi mita dessa fordndringar och anvinda denna information bade for
diagnostik och for uppfoljning av behandlingar.

Studier [-IV undersokte hur bra dMRT ér pa att skilja pa patienter med PS fran PSP
och MSA. Studie I och II visade att patienter med PSP till skillnad frdn patienter
med MSA och PS hade en fortunning av en frédmre del av en nervbana som hette
corpus callosum (CC), en nervbana i hjarnstammen samt fordndringar i thalamus
mitt i hjdrnan. Fordndringarna korrelerade med kliniska skalor som avspeglade
nedsatt motorik och balans hos patienter. Studie III visade att med dMRT kan man
skilja pa patienter med PS fran friska kontroller med hjéilp av fordndringar i
putamen, thalamus och i en nervbana som hette superior langitudinell fasciculus
(SLF). De foréndringarna var dock inte tillriacklig specifika for PS, eftersom att de
fanns dven hos patienter med MSA och PSP. Studie IV undersdkte om det fanns
dMRT foréndringar vid PS efter 2 4&r och om de har samband med sjukdoms
aktivitet. Studien visade att patienter med PS till skillnad frén friska kontroller har
fordndringar i putamen efter 2 ar. Dessa fordndringar var ganska modesta men
korrelerade med hur mycket ldkemedel patienten tar mot PS.

En annan MRT-sekvens &r sa kallad Susceptibility weighted imaging (eng. SWI)
anvindes i Studie V. SWI avspeglar jarninlagring i hjarna. Vid neurodegenerativa
sjukdomar som PS, PSP och MSA lagras jarn i vissa strukturer specifikt. Studie V
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pavisade att vid PSP lagrades mera jirn i nucleus ruber, substantia nigra (SN) och
pallidum jamfort med MSA och PS. MSA patienter lagrade mera jérn i putamen
jamfort med PS didremot. Vi tror att igenom att anvinda SWI sekvens vid MRT kan
man med ganska hog sannolikhet skilja pa patienter med PS fran PSP och MSA.

Avhandlingens konklusion dr att bAdde dMRT och SWI har hogre kénslighet for att
pavisa mikrostrukturella fordndringar och jérninlagring &n konventionell MRT.
Bade dMRT och SWI har visat en viss potential for att skilja pé patienter med PSP
frdn Gvriga patienter med parkinsonistiska symtom. Studierna har gett lovande
resultat, men storre prospektiva och longitudinella studier behdvs for att bekréfta
den resultaten, och se om att de dven ar anvindbara tidigt i sjukdomen.
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Introduction

Parkinsonism

Parkinsonism is a constellation of symptoms and signs. The definition used in this
thesis is the United Kingdom Parkinson’s Disease Society Brain Bank (UK PDSBB)
definition: bradykinesia plus at least one of the following: 4-6 Hz rest tremor,
muscular rigidity or postural instability not caused by primary visual, vestibular,
cerebellar or proprioceptive dysfunction (Gibb and Lees 1988). Parkinsonism can
be idiopathic or secondary. The idiopathic causes of parkinsonism are Parkinson’s
disease (PD) and the atypical parkinsonian syndromes (APS): MSA, PSP, and
Corticobasal degeneration (CBD), and dementia with Lewy bodies (DLB)
(Stamelou and Hoeglinger 2013). Apart from these sporadic neurodegenerative
disorders, parkinsonism has also been described in a variety of other sporadic and
hereditary neurodegenerative conditions such as frontotemporal dementia (FTD),
Alzheimer's disease (AD), and Perry syndrome (Stamelou and Hoeglinger 2013).
There are several possible causes of secondary parkinsonism, e.g. vascular injuries
in the basal ganglia, encephalitis, side effects of medications (e.g. antipsychotic
medications) (Ham, Cha et al. 2015), and traumatic brain injury (Bhidayasiri,
Chotipanich et al. 2012).

Overview of idiopathic parkinsonian disorders

A common feature of the idiopathic parkinsonian disorders is the diminishing
production of dopamine due to the degeneration of dopaminergic neurons in the SN.
In the APS the degeneration is more widespread and also affects the post-synaptic
neurons in the striatum thus leading to less responsiveness to treatment with
dopaminergic drugs. The APS severely reduces life expectancy while PD has a more
limited influence. Moreover, the early differential diagnosis of patients with APS,
which would be important for clinical purposes (e.g., prognosis and treatment) and
research purposes, is poor (Stamelou and Hoeglinger 2013). Unfortunately, there
are no curative or disease-modifying treatments for any of the idiopathic
parkinsonian disorders.
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Parkinson’s disease

PD is a common, chronic and progressive neurodegenerative condition. It is
estimated to affect 100-180 people per 100,000 of the population and has an annual
incidence of 4-20 per 100,000 people (Conditions 2006). The prevalence of PD rises
sharply with age, from a mean of 41.51 per 100,000 in these aged 40-49 years to
1,902.98 per 100,000 in these aged over 80 years (Pringsheim, Jette et al. 2014).
The prevalence and incidence are higher in men than in women.

The diagnosis of PD is primarily clinical, based on history and examination
(Conditions 2006). The cardinal motor symptoms of PD are bradykinesia, rigidity,
rest tremor and postural and gait disturbance (Rodriguez-Oroz, Jahanshahi et al.
2009). Non-motor symptoms and co-morbid syndromes in PD include cognitive
impairment, depression, olfactory dysfunction, sleep disorders, constipation,
genitourinary dysfunction, etc. (Barone, Antonini et al. 2009). Cognitive
dysfunction occurs in 15-20% of early stage, untreated PD patients and may
eventually be found in 40-80% of patients following long-term observation (Hely,
Reid et al. 2008, Calabresi, Castrioto et al. 2013, Lin and Wu 2015).

The precise mechanism accounting for the decrease in dopamine-producing neurons
is not fully understood. An early pathologic hallmark of PD is a decline in
dopamine-producing neurons in the SN pars compacta (SNpc) (Saladin 2009).
Impulses from this region of the midbrain, through projection to the corpus striatum,
is essential for the regulation of normal movement. The striatum is the main input
region of the basal ganglia for cortical information and plays an important role in
motor control (Figure 1). Post-mortem pathology studies of PD patients’ brains
show that even mildly affected patients have lost about 60% of their dopamine-
producing neurons in the SN (Greffard, Verny et al. 2006). It is this loss that account
for the approximately 80% loss of dopamine in the corpus striatum in advanced
patients (Zigmond 2002).

14



. globus pallidus externus

. globus pallidus internus

. thalamus

‘ putamen
’ substantia nigra
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D1-and D2-dopamine
receptors

Figure 1
Schematic illustration of basal ganglia circuit. Red arrows means suppression, yellow arrows means induction. Patient
from BioFINDER study.

Other non-dopaminergic neurotransmitter systems including acetylcholine,
serotonin and noradrenaline neurons are also involved in PD (Duty 2012).

The pathological hallmark of PD is the presence of neuronal inclusions called Lewy
bodies (Spillantini, Crowther et al. 1998). These structures contain misfolded
aggregates of a-synuclein and ubiquitin. The Braak hypothesis suggests that a-
synuclein inclusions may first accumulate in peripheral nerve tissue and
subsequently spread to involve the midbrain and the cortex (Braak, Del Tredici et
al. 2003). Attention is now being given to the importance of axonal degeneration in
the neuropathophysiology of PD. Particularly, axonopathy precedes cell body death
of nigral dopaminergic projection neurons. This is referred to as “dying-back
degeneration” (Burke and O'Malley 2013). Note that axons in the brain, both
myelinated and unmyelinated, traverse the brain in white matter (WM). Some
implications of this axonal degeneration are that neuroimaging of WM and WM
tracts, would be expected to show changes in PD, including in early stages.

While gene mutations account for as many as 15-20% of PD cases, a genetic
predispositions associated with an environmental trigger may be a far more common
cause (Wichmann 2002, Poewe and Mahlknecht 2009). The best documented and
most widely investigated genetic causes are mutations in the LRRK2 (coding for
leucine-rich repeat kinase 2), SNCA (coding for a-synuclein) and parkin genes
(Zigmond 2002).
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Multiple system atrophy

MSA is a sporadic adult-onset neurodegenerative disease. It is characterised
clinically by parkinsonism, cerebellar features and autonomic failure in varying
combinations, and pathologically by the presence of neuronal loss, gliosis and a-
synuclein positive oligodendroglial cytoplasmic inclusions in a selection of
structures (Jellinger and Wenning 2016). These include supratentorially the striatum
(particularly posterior putamen) and SN, infratentorially the inferior olives, pons
and cerebellum, and the spinal cord intermediolateral cell columns and Onuf’s
nucleus (Jellinger and Wenning 2016). Consensus criteria are now widely used for
a clinical diagnosis of MSA (Gilman, Wenning et al. 2008). There is agreement
between Consensus Criteria and post-mortem confirmation of diagnosis (Iodice,
Lipp et al. 2012, Figueroa, Singer et al. 2014).

The annual incidence of MSA is of 3 per 100,000 for subjects aged 50-99 years
(Bower, Maraganore et al. 1997). The estimated prevalence of MSA is between 2 to
5 cases per 100,000 population (Schrag, Ben-Shlomo et al. 1999, Tison, Yekhlef et
al. 2000). Mean age of symptom onset is 63.4 years (Wenning, Geser et al. 2013).
Median survival from symptom onset in a prospective study was 8-10 years
(Wenning, Geser et al. 2013, Low, Reich et al. 2015).

MSA is classified according to the predominant phenotype at onset into MSA-
parkinsonism (MSA-P) or MSA-cerebellar type (MSA-C).

MSA-P is characterized by parkinsonism, and/or an irregular jerky postural and
action tremor, postural instability and falls (usually within three years of motor
onset), pyramidal signs, rapid progression regardless of dopaminergic treatment
(Watanabe, Saito et al. 2002, Wenning, Colosimo et al. 2004), stimulus-sensitive
cortical myoclonus, hemiballism and chorea, and dystonia unrelated to
dopaminergic therapy (Quinn 1989, Wenning, Colosimo et al. 2004).

MSA-C is characterized by gait ataxia, limb ataxia, cerebellar scanning dysarthria,
and cerebellar disturbances of eye movements (Wenning, Colosimo et al. 2004).

A greater than 50% response to levodopa was reported for only 1.5% of MSA
patients. The cause of MSA is unknown, although likely linked to alterations in a-
synuclein with subsequent formation of glial cytoplasmic inclusions and selective
neuronal pathology (Ubhi, Low et al. 2011, Kuzdas-Wood, Stefanova et al. 2014).
Familial MSA has been reported rarely. Whole-genome sequencing and linkage
analysis of a sample obtained from a member of a multiplex family in whom MSA
had been diagnosed on autopsy revealed a homozygous mutation (M78V—
V343A/M78V-V343A) and compound heterozygous mutations (R337X/V343A) in
COQ?2 in two multiplex families (Multiple-System Atrophy Research 2013).
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Progressive supranuclear palsy

PSP is another disabling and fatal neurodegenerative disorder for which no disease-
modifying treatment is available. Pathological diagnosis is defined by the presence
of neuronal loss and gliosis together with abnormally phosphorylated 4R-tau protein
in neurofibrillary tangles and tufted astrocytes in a characteristic distribution
involving the globus pallidum, subthalamic nucleus, dentate nucleus, SN, midbrain,
pons, medulla oblongata and, to a varying degree, frontal cortex (Williams and Lees
2009, Respondek, Stamelou et al. 2014).

The PSP course is one of relentless progression, increasing disability and death with
a median survival of 5-10 years from onset of symptoms. PSP incidence was
estimated to be 0.3-0.4 per 100,000 (Golbe, Davis et al. 1988). Estimates of PSP
prevalence varies between 0.15 per 100,000 (Golbe, Davis et al. 1988) and 6.4 per
100,000 (2.3-10.6) (Schrag, Ben-Shlomo et al. 1999). Mean age of symptom onset
is 63 (Bensimon, Ludolph et al. 2009).

The Movement Disorder Society (MDS) have recently developed the new PSP
clinical diagnostic criteria (Hoglinger, Respondek et al. 2017). Four functional
domains identified as clinical predictors of PSP: ocular motor dysfunction, postural
instability, akinesia, and cognitive dysfunction. Within each of these domains, MDS
proposed three clinical features that contribute different levels of diagnostic
certainty. Combinations of these features define the diagnostic criteria, stratified by
three degrees of diagnostic certainty: probable PSP, possible PSP, and suggestive
of PSP. Clinical clues and imaging findings represent supportive features. Classic
presentation of PSP is termed Richardson’s syndrome (PSP-RS) (Williams, de Silva
et al. 2005). PSP-RS is characterized by axial rigidity, retrocollis, early onset of
postural instability and falls, supranuclear vertical gaze palsy, and cognitive
dysfunction (Williams, de Silva et al. 2005). Other PSP variants include initial
predominance of ocular motor dysfunction (PSP-OM), postural instability (PSP-PI),
Parkinsonism resembling idiopathic PD (PSP-P), frontal lobe cognitive or
behavioral presentations (PSP-F), including behavioral variant frontotemporal
dementia (bvFTD), progressive gait freezing (PSP-PGF), corticobasal syndrome
(PSP-CBS), primary lateral sclerosis (PSP-PLS), cerebellar ataxia (PSP-C), and
speech/language disorders (PSP-SL), including nonfluent/agrammatic primary
progressive aphasia (nfaPPA) and progressive apraxia of speech (AOS) (Hoglinger,
Respondek et al. 2017). A retrospective study on autopsy-confirmed patients
showed that only 24% of the PSP cases presented as PSP-RS, while more than half
of the cases either had overlapping features of several phenotypes or could not be
classified as one of the phenotypes already described (Respondek, Stamelou et al.
2014).

A genome-wide association study demonstrated two independent variants in the
microtubule-associated protein tau gene MAPT, affecting risk for PSP, and
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identified three significant novel genes conferring PSP risk (Hoglinger, Melhem et
al. 2011).

Evaluation of auxiliary tests in differential diagnosis of
parkinsonism

The differential diagnosis of parkinsonism is a major challenge for clinicians and
movement disorder specialists, especially in the early stage of the disease. The
American Academy of Neurology systematic review and practice parameter
published in 2006 found insufficient evidence to support or refute the value of
neurodiagnostic tests for distinguishing PD from other parkinsonism, including
MRI, ultrasound of the brain parenchyma, '*F-fluorodeoxyglucose (FDG) PET,
urodynamics, autonomic testing, and urethral or anal -electromyography
(Suchowersky, Reich et al. 2006). While these techniques have continued to
advance (Perlmutter and Norris 2014), the diagnosis of PD remains predominantly
clinical (Perlmutter and Norris 2014).

SPECT/PET

SPECT is commonly used for PD diagnosis (Booth, Nathan et al. 2015). SPECT
employs radioisotopes such as '*’I or *"Tc that have long half-lives and therefore
do not require an on-site cyclotron. SPECT imaging using '*’I (‘*I-FP-CIT-SPECT)
provides information based on local binding of presynaptic dopamine transporters
(DaT) with ', which has been shown to be highly correlated with PD progression
(Booth, Nathan et al. 2015). This binding measure is quantitative and assesses the
spatial distribution of DaT. Most studies that use '*’I-FP-CIT-SPECT have focused
on the striatum (i.e., putamen and caudate) (Booij, Tissingh et al. 1997, Benamer,
Patterson et al. 2000, Antonini, Benti et al. 2003, Spiegel, Hellwig et al. 2007).
Researchers have reported that PD has markedly reduced DaT levels in the striatum,
which are correlated with disease progression and clinical scores (Booij, Tissingh
et al. 1997, Benamer, Patterson et al. 2000, Antonini, Benti et al. 2003, Spiegel,
Hellwig et al. 2007).

DaT SPECT has not been confirmed to be useful in differentiating APS from PD
(Ghaemi, Hilker et al. 2002), significant striatal DaT loss is found in APS as well as
in PD (Pirker, Asenbaum et al. 2000, Varrone, Marek et al. 2001). DaT SPECT is
however useful in excluding essential tremor (Antonini, Moresco et al. 2001), drug-
induced parkinsonism (Seifert and Wiener 2013), vascular parkinsonism (Brigo,
Matinella et al. 2014), and AD (Hilker, Thomas et al. 2005, Bohnen, Kaufer et al.
20006).
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PET has a higher resolution and sensitivity compared with SPECT. PET employs
radioisotopes such as ''C, '®F, and 'O that have relatively short half-lives and
require a nearby cyclotron to provide the necessary radioisotopes.

SF-DTBZ PET and '®F-AV-133 PET explore the characteristics of vesicular
monoamine transporter type 2 (VMAT2). "®F-DTBZ PET demonstrated that the
reduction of VMAT? availability was obviously correlated with the severity of
disease in patients with PD (Hsiao, Weng et al. 2014).

'8F-AV-133 PET demonstrated similar performance in differentiation PD from
control, and a better correlation to clinical characteristics than that of *™Tc-
TRODAT-1 SPECT (Hsiao, Weng et al. 2014). PET imaging using '*F-FP-CIT
("*FP-CIT PET) measures DaT binding. Study with FDG PET and "*FP-CIT PET
demonstrated a significant relationship between loss of dopaminergic input to the
caudate nucleus and the expression of a cognition-related disease network in
unmedicated PD patients (Niethammer, Tang et al. 2013).

PET shows decreased 'F-FDOPA tracer uptake in the caudate and putamen in
patients with early PD compared with controls (Teune, Bartels et al. 2010, Pavese
2012).

FDG PET shows preserved or raised glucose metabolism of lentiform nucleus in
PD, while it is reduced in most APS (Eckert, Tang et al. 2008, Brooks 2010). In an
autopsy cohort including 7 PSP patients (all PSP-RS), the most common FDG PET
findings were hypometabolism of the thalamus (100%), caudate (86%), midbrain
(86%), and frontal lobes (71%) (Zalewski, Botha et al. 2014). PSP-RS tends to show
greater frontal hypometabolism than PD and MSA (Klein, de Jong et al. 2005), with
visual assessments of frontal hypometabolism producing good sensitivity (76%) and
specificity (98%) for PSP-RS (Tripathi, Dhawan et al. 2013).

In summary, SPECT/PET has a role in diagnosis of parkinsonism but is relatively
expensive, with limited availability, and requires radioactive tracers.

Magnetic resonance imaging

Conventional MRI is achievable, feasible, non-invasive examination that uses
magnetic fields to create images of the body by detecting spin properties of nuclei.
Most MRI studies are based on 'H nuclei of hydrogen atoms (protons) found
endogenously throughout the body.

The classic domain of conventional MRI is the exclusion of structural lesions that
may cause secondary, symptomatic parkinsonism, such as normal pressure
hydrocephalus, multiple sclerosis, or tumors. Cerebrovascular damage due to small
vessel disease and infarctions, such as vascular parkinsonism, is perhaps the most
common form of secondary parkinsonism, and abnormal structural MRI findings
are present in up to 90 to 100% of these cases (Kalra, Grosset et al. 2010). In
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idiopathic PD without concomitant cerebral disease, structural MRI is usually
normal, at least early in the disease course.

In MSA, T2- weighted sequences may reveal the atrophy of the putamen, pons, and
middle cerebellar peduncles (MCP) (Gilman, Wenning et al. 2008, Massano, Costa
et al. 2008, Brooks, Seppi et al. 2009). Signal changes include hypointensity of the
posterior putamen (also described as a slit-like void), a hyperintense lateral
putaminal rim (sensitivity 44.4%)(Feng, Huang et al. 2015), and hyperintensities of
the MCP (Figure 2). The "hot cross bun sign" refers to hyperintense T2 signal in the
shape of a cross within the pons that arises from degeneration of transverse
pontocerebellar fibers (Gilman, Wenning et al. 2008, Massano, Costa et al. 2008,
Brooks, Seppi et al. 2009).

Hot cross bun sign Atrophy of pons and cerebellum
control MSA control

Slit-like hyperintense rim and T2-hypointensity Hyperintensity of MCP
in the posterolateral part of the putamen
MSA control MSA control

Figure 2

Structural MRI demonstrating the morphological characteristics of a clinically verified MSA patient from BioFINDER
study. Top left sagittal slice shows the hot cross bun sign of the pons. Top right sagittal slice through the midbrain
shows reduced volume of pons and cerebellum. Bottom left axial slice obvious putaminal atrophy, along with the slit-
like hyperintense rim (arrow heads) and T2-hypointensity in the posterolateral part of the putamen (arrows). Bottom
right sagittal image show hyperintense signal of middle cerebellar peduncle (MCP) (modified from reference (Gilman,
Wenning et al. 2008, Massano, Costa et al. 2008, Brooks, Seppi et al. 2009)).

In PSP, structural MRI allows visual assessment of midbrain atrophy, midbrain or
the presence of specific morphological markers such as the “hummingbird” sign
(atrophy of dorsal midbrain resembles hummingbird’s head and bill in midsagittal
plane) (Kato, Arai et al. 2003), “Mickey Mouse” sign (rounded rather than
rectangular midbrain peduncles in axial planes) (Massey, Micallef et al. 2012) and
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“morning glory” sign (concavity of the lateral margin of the midbrain tegmentum in
axial planes) (Adachi, Kawanami et al. 2004) (Figure 3). These signs support the
clinical diagnosis of PSP (Whitwell, Hoglinger et al. 2017).

Midbrain atrophy and hummingbird sign SCP
PSP ____control )
By &
3 -

control

PSP control PSP

Figure 3

Structural MRI demonstrating the morphological characteristics of neuropathological verified PSP patient from the
BioFINDER study. Top left sagittal slice shows the hummingbird sign with atrophy of the dorsal midbrain and relative
preservation of the pons. Top middle axial slice through the midbrain shows rounded midbrain peduncles (Mickey
Mouse sign) and concavity of the lateral margin of the midbrain tegmentum (morning glory sign [arrow]). Top right
axial slice shows example measurements of the midbrain anteroposterior (AP) diameter. Bottom left and middle
sagittal and right axial images show midbrain, and pons area, superior cerebellar peducle (SCP) width, and middle
cerebellar peduncle (MCP) width (modified from reference(Moller, Kassubek et al. 2017)).

In a published study, MRI from neuropathologically confirmed PSP (n =22), MSA
(n=13), PD (n=7), and CBD (n = 6), and controls (n = 9) were assessed blinded
to clinical details and systematically rated for reported abnormalities. Radiological
assessment of MRI was correct in 72.7% PSP cases and 76.9% MSA cases (Massey,
Micallef et al. 2012). The "hummingbird" and "morning glory" signs were highly
specific for PSP, and "the MCP sign" and "hot cross bun" for MSA, but sensitivity
was lower (up to 68.4%) and characteristic findings may not be present even at
autopsy (Massey, Micallef et al. 2012).

Morphometric Magnetic Resonance Imaging

Magnetic resonance volumetric (MRV) allows for the quantitative assessment of
brain atrophy. MRV is performed in a semiautomated manner by defining a priori
regions-of-interest (ROI). Employing this ROI-based approach, a variety of volume
ratio indices have been proposed to assist in the differential diagnosis of
parkinsonian syndromes. In PSP-RS, the midbrain-pons area (Cosottini, Ceravolo
et al. 2007) and the MR Parkinsonism Index (MRPI = pons/midbrain area ratio x
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the MCP/SCP width ratio) (Quattrone, Nicoletti et al. 2008) are the most reliable
biomarkers. Diagnostic sensitivity and specificity values are typically high (>80 up
to 90%) for differentiating PSP-RS from controls and from MSA and PD (Whitwell,
Hoglinger et al. 2017). In MSA, pontocerebellar volume loss was reported (Paviour,
Price et al. 2006). In contrast, regional volumes usually are normal in PD (Paviour,
Price et al. 2006, Messina, Cerasa et al. 2011). It has been suggested, however, that
atrophy of the SN may be present in APS (Kashihara, Shinya et al. 2011) as well as
in early-stage PD (Ziegler, Wonderlick et al. 2013). That said, SN atrophy does not
reliably distinguish PD from APS (Jesse, Kassubek et al. 2012).

Brain atrophy can also be assessed at the whole-brain level. Voxel-based
morphometry (VBM) is a fully automated and rater-independent approach that does
not necessitate the a priori delineation of ROIs, but relies on whole-brain voxel-wise
comparisons (Ashburner and Friston 2000). Using VBM, several groups have
reported cortical atrophy mainly in temporal associative, limbic, paralimbic, frontal,
and parietal regions in PD (Biundo, Formento-Dojot et al. 2011, Pereira, Ibarretxe-
Bilbao et al. 2012). Cortical atrophy in clinical practice is observed mainly in
advanced PD. Two recent meta-analyses (Shi, Zhong et al. 2013, Yang, Shao et al.
2014) investigated atrophy patterns of the cerebral WM and gray matter (GM) in
PSP patients. Subjects showed consistent WM reductions in the pons, midbrain, and
adjacent to the basal ganglia (Yang, Shao et al. 2014). GM loss was observed in the
thalamus, midbrain, basal ganglia, and insular and frontal cortices (Shi, Zhong et al.
2013). In MSA, volume loss of putamen (Hauser, Luft et al. 2006, Minnerop, Specht
et al. 2007), as well as of sensorimotor, premotor, frontal, and insular cortices is
common (Brenneis, Boesch et al. 2006, Minnerop, Specht et al. 2007). In CBD,
asymmetric cortical atrophy may be discerned, whereas subcortical atrophy is often
less severe compared with other APS (Boxer, Geschwind et al. 2006, Josephs,
Whitwell et al. 2008).

VBM can differentiate between idiopathic PD and APS, with sufficient specificity
and sensitivity (Focke, Helms et al. 2011), but there remains substantial overlap at
the individual level. VBM is therefore not yet established in routine clinical
practice.

Diffusion weighted imaging

Diffusion weighted imaging (DWI) is a form of MRI based upon measuring the
random Brownian motion of water molecules within a voxel of tissue. Brownian
motion, or molecular diffusion is the random displacement of molecules in a fluid,
as the molecules are agitated by thermal energy. The phenomenon is named after
botanist Robert Brown who, in 1827, observed and described the spontaneous
motion of pollen grains dispersed in water (Brown 1828). In the early 20th century,
Albert Einstein revisited the phenomenon and published a paper that explained in
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detail how the motion that Brown had observed was the result of pollen being moved
by individual water molecules (Einstein 1905).

In the human body, water displacement is random as long as the medium is
homogenous and there are no barriers, such as in the ventricles in the brain.
However, biological tissue is heterogeneous and consists of boundaries that will
hinder the mobility of water molecules, such as cell membranes, organelles and
other macromolecular structures. Thus, the diffusivity is affected and the
displacement is no longer random — a fact that is exploited in diffusion MRI (dAMRI).

The image acquisition of dMRI is based on pulsed gradient spin echo (Stejskal and
Tanner 1965). Its principle is the application of bipolar magnetic gradients; the first
gradient pulse dephases and the second pulse rephases the magnetization of protons
in a specific volume element (i.e. voxel). For stationary elements, such as
macromolecules, the pulses induced by both gradients will cancel out. However, for
non-stationary particles, such as diffusing water molecules, some of them will have
moved between the pulses. As a consequence, the rephasing will be incomplete and
signal will be lost. The magnitude of signal loss is thus an indirect measure of water
diffusivity in the tissue. The diffusion-weighted signal from a voxel of MRI data
represents the summation of the effects that all the microstructures in that voxel
have on diffusing water molecules (Umesh Rudrapatna, Wieloch et al. 2014).
However, many different micro-environments may lead to similar diffusion-
weighted signals, making it unspecific (Mulkern, Haker et al. 2009, Yablonskiy and
Sukstanskii 2010).

The diffusion of water is rather isotropic in GM (i.e. equal in all directions), but
anisotropic in WM (i.e. expressing a principal diffusion direction)(Moseley, Cohen
et al. 1990) (Figure 4). The anisotropic diffusion in WM is due to the parallel
organization of axons, where water diffusion is hindered perpendicular to the axons
but allowed to move more freely along the direction of the axons. This finding lead
to the development of Diffusion tensor imaging (DTI), which measures the
anisotropic diffusion in order to visualize and assess the nervous pathways (Basser,
Mattiello et al. 1994, Basser, Mattiello et al. 1994). Axonal damage and cell loss, as
commonly observed in neurodegenerative diseases, lead to an increase in molecule
movement, and consequently, the apparent diffusion coefficient (ADC).

23



Isotropic diffusion Anisotropic diffusion

Y Y M

(
I — S5

A3

z

Figure 4

Schematic illustration of diffusion principles. Left: Isotropic diffusion = equal diffusion in all directions, illustrated as a
sphere. Right: Anisotropic diffusion = a principal diffusional direction (A1) and smaller perpendicular diffusivities (A2 and
A3), illustrated as a tensor.

DTI provides additional quantitative information about the average diffusivity
within one voxel (mean diffusivity, MD) and directionality of diffusion (fractional
anisotropy, FA) (Figure 5).

DTIFA DTIFA color DTIMD

Figure 5
Diffusion tensor imaging parameter maps. DTI fractional anisotropy, FA; DTI FA color maps; DTl mean diffusivity,
MD. Patient from BioFINDER study.

Compared with conventional MRI techniques, dMRI provides a major advantage to
detect early, subtle structural changes that might not be apparent on conventional
MRI (Vaillancourt, Spraker et al. 2009).

In contrast to the three magnetic field gradient directions of DWI, six or more
gradient directions are required for DTI. This allows for the assessment of not only
the MD (Le Bihan 2003, Alexander, Lee et al. 2007, Madden, Bennett et al. 2012)
but also the magnitudes of diffusivities in different directions. The diffusion pattern
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of a voxel is illustrated as a tensor, based on three orthogonal principal eigenvectors
that are ordered by the magnitudes of their corresponding eigenvalues, i.e. A;> A»
>\3 (Figure 4).

Diffusion tensor imaging (DTI)
e A non-invasive, in vivo MRI technique

e Detects the size and direction of water diffusion
e Diffusion is larger parallel to axons and hindered perpendicular to axons

e DTI provide information about the location and integrity of WM
pathways

The magnitude of the principal diffusion direction, A, corresponds to diffusion
parallel to the axons: A; = axial diffusivity (Da).

The mean A, and A3 corresponds to diffusion perpendicular to the axons: (A, + A3)/2
= radial diffusivity (Dr).

The mean of all eigenvalues corresponds to the MD: (A; + X, + A3)/3 = MD.

FA is a measure of the level of anisotropy on a scale from 0 to 1:
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MD and FA describe complementary information about the diffusion of water. FA
is referred to as a summary measure of microstructural integrity. While FA is highly
sensitive to microstructural changes, it is not very specific to the type of change and
it is highly advisable to also include other DTI measures in any analysis. MD, which
is the directionally averaged, inverse measure of the membrane density and fluid
viscosity and is very similar for both GM and WM (Alexander, Hurley et al. 2011)
(Figure 4). MD is sensitive to cellularity, edema, and necrosis. It is important to
understand that noise in the measured signals can lead to overestimates of the
diffusion anisotropy, particularly in more isotropic regions (Pierpaoli and Basser
1996).

Diffusion tensor tractography (DTT) is the application of DTI that can visualize
WM tracts and can be derived based on the tensor information provided by DTL
The diffusion is greater along the direction of the axons than perpendicular to them.
By connecting voxels based on their principal diffusion direction, WM pathways
can be reconstructed to visualize large-scale structural connections of the brain
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(Wakana, Jiang et al. 2004, Farquharson, Tournier et al. 2013, Abhinav, Yeh et al.
2014, Bach, Laun et al. 2014).

To this date, most clinical studies have used either deterministic tractography (DTG)
(Figure 6) or probabilistic tractography (PTG) (Figure 7).

Figure 6

Deterministic tractography of the frontal and parietal cingulum (CG) on each side was performed using colour-coded
FA-maps (Surova, Szczepankiewicz et al. 2013). First, two rerion of interests (ROls) were placed in the transversal
plane to select the anterior part of the CG, which runs parallel to the genu of the corpus callosum (CC); the most
rostral part was not included. Then four ROIs were placed in the coronal plane at equal intervals along the superior
part of the CG. Finally, two ROIs were placed in the transversal plane defining the posterior CG where it arches
around the splenium of the CC. The descending part of the CG was not included.

Figure 7

Probabilistic tractography (PTG) of the dentate-rubro-thalamic tract (DRTT). For PTG of the DRTT, its inferior and
superior part were constructed each using a seed region of interest (ROI) placed in the deep cerebellar nuclei (DCN)
and the ventral anterior and ventral lateral nuclei of the thalamus (VAVL) of the contralateral thalamus, respectively,
and also includes a ROl in the superior cerebellar peduncle (SCP) (Surova, Nilsson et al. 2015). The left and right
DRTT were then constructed by combining the inferior and superior DRTT into one tract, selecting fibers passing
through ROls in these three locations, DCN, SCP, and VAVL. All tracts were visually inspected.
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In DTG, the orientation within a voxel is assumed to be precisely known. A tract is
produced by defining a start point and applying an algorithm linking voxels with
similar diffusion directions. The advantage of DTG are relatively fast and simple
calculations with a clear delineation of fiber tracts. The main limitations are
operator-dependency, difficulties resolving curving, crossing or kissing tracts and
subjectivity in assign to a reconstructed trajectory (Jones 2008).

In contrast to DTG, PTG calculates the uncertainty of diffusion orientation within
each voxel. It then traces a large number of possible pathways (Jones 2008). The
result is a probability distribution of connections and, by selecting an appropriate
threshold below which connections are discarded as unlikely, tracts can be outlined.
PTG is less likely to exclude voxels with low FA due to, for example, crossing fibers
or scan artifacts.

The most common tractography methods in the literature are ROI-methods where
the reconstructed tracts are manually selected for analysis, based on preexisting
anatomical knowledge (Figures 6, 7).

DTI measures can also be extracted and assessed by group-comparison methods,
such as VBM and tract-based spatial statistics (TBSS) (Figure 8).

Figure 8

Results of the TBSS analysis in the thalamus (Surova, Nilsson et al. 2015). Areas in thalamus with significantly
decreased FA (a) and increased MD (b) in patients with PSP when compared to healthy controls (HC). Results of the
TBSS analysis in the thalamus, showing regions of significant decreased FA (red voxels) and increased MD (blue
voxels) in patients with PSP when compared to (HC). Green voxels are voxels on the TBSS-skeleton where no
significance was found.

There are advantages and disadvantages in most such methods. First, the voxel size
of DTI scans is much larger than the axons. A regular imaging voxel of 1-2 mm in
each dimension will contain several hundred thousands of axons which have
diameters of 0.16-9 um. Hence, within a specific voxel there may be part of more
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than one WM pathway, with different directions (crossing or “kissing” pathways),
or change in direction (curving).

Group-comparisons methods include a registration of all subjects’ scans to a
common space. Registration may perform poorly for structures with certain
anatomical properties, for example structures that vary anatomically between
subjects, that are relatively small, or that are localized in areas prone to image
artifacts. Examples of image artefacts include susceptibility artifacts, caused by
magnetic field gradients near boundaries of tissues.

Carefully hand-drawn ROIs in original diffusion space have the advantage of
adapting to changes between scans, but potentially suffer from subjectivity/user-
error. Smith et al. (2006) (Smith, Jenkinson et al. 2006) compared inter-scan and
inter-subject variability between TBSS, VBM and manual ROIs and found that
TBSS resulted in the lowest variance for most structures while manual ROIs had the
lowest variance for some structures.

The biological relevance of dMRI in PD was studied in animal models, with
diffusion changes in the SN being the focus of interest. Studies of Boska et al. and
Hasan et al. showed an association between decreased FA and depletion of
dopamine neurons in the SN (Boska, Hasan et al. 2007, Soria, Aguilar et al. 2011).
However, other animal studies show FA to increase over longer time periods (Van
Camp, Blockx et al. 2009), see below. The administration of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) in a murine model of PD demonstrated
increased Dr and Da or decreased FA within 7 days following MPTP administration
(Boska, Hasan et al. 2007). Other animal models demonstrate opposite changes in
FA and MD as well (Boska, Hasan et al. 2007, Van Camp, Blockx et al. 2009, Soria,
Aguilar et al. 2011).

In summary, dMRI techniques such as DTI have enabled detailed investigation of
brain tissue integrity. The integrity is quantified by MD, FA and Dr and Da. MD
reflects general molecule mobility, FA directionality, whereas Da and Dr describe
diffusion strength along its main and transverse axis, respectively. There are
different data-analysis technique such as DTG and PTG, whole brain and ROI-based
analyses.

DKI is an extension of DTI that has been suggested to show higher sensitivity and
specificity than DTI in detecting and differentiating alterations of tissue
microstructure (Cheung, Hui et al. 2009, Grossman, Ge et al. 2012). DKI provides
DTI-based parameters as the MD and FA and unique parameters that describe the
degree to which the water diffusion is non-Gaussian. These are mean diffusional
kurtosis (MK), axial kurtosis, and radial kurtosis (Alexander, Hurley et al. 2011)
(Figure 9).
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Figure 9.
Diffusion kurtosis imaging parameter maps. DKI fractional anisotropy, FA; DKI mean diffusivity, MD; DKI mean
kurtosis, MK.

MK is regarded an index of the complexity of tissue microstructure such as the
density, orientation, and degree of organization of cell membranes, axon sheaths,
and myelin layers (Latt, Nilsson et al. 2013). DKI parameters can potentially be
more effective in elucidating cerebral GM changes (Jensen, Helpern et al. 2005).
The group size requirements in DKI as compared to DTI are expected to be higher,
since diffusional kurtosis can only be probed at relatively high b-values with higher
signal attenuation (Szczepankiewicz, Latt et al. 2013). DKI may be preferable to
DTI in tissue where the DTI model is invalid, for example, in regions with complex
fiber organization (Szczepankiewicz, Latt et al. 2013).

The advantages offered by DKI over DTI have been reported in several recent
studies. In an experimental traumatic brain injury model in rats Zhuo et al. (Zhuo,
Xu et al. 2012) observed the continued sensitivity of MK to structural tissue changes
even into sub-acute stages, when DTI parameters had re-normalized. Raab et al.
reported that gliomas of two different grades could be separated only by using MK
values (Raab, Hattingen et al. 2010). Vanhoutte et al. reported the suitability of DKI
metrics to detect amyloid deposition in a mouse model of AD, when plain DTI
metrics failed to do this (Vanhoutte, Pereson et al. 2013). These studies indicate that
kurtosis parameters bring in original information, which DTI parameters may not
be able to provide. Furthermore, studies on brain maturation (Cheung, Hui et al.
2009), temporal lobe epilepsy (Gao, Zhang et al. 2012) have reported the enhanced
sensitivity of DKI parameters over DTI parameters in discerning differences in
tissue status. In a transgenic Huntington rat model study Blockx et al. combined use
of kurtosis and DTI parameters proved to be advantageous in detecting tissue
changes (Blockx, De Groof et al. 2012). These observations indicate that kurtosis
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parameters can discriminate healthy from abnormal tissue under various
pathophysiological conditions.

Diffusion kurtosis imaging (DKI)
e A non-invasive, in vivo dMRI technique, that extends DTI

e Suggested to show higher sensitivity and specificity than DTI

e Mean kurtosis (MK) can be related to axonal water fraction and the
tortuosity of the extracellular space in WM

e MK may be preferable that DTI in regions with complex fiber
organization

Although many previous studies in PD have used DTI to examine nigrostriatal
degeneration, they have been unable to attain sufficient diagnostic accuracy and
reliability to justify the introduction of DTI in routine clinical practice or as part of
interventional clinical studies. Neurite orientation dispersion and density imaging
(NODDI) is a model for estimating the structure and orientation of neurites by using
an orientation-dispersed cylinder model and the Watson distribution (Zhang,
Schneider et al. 2012, Lampinen 2015).

A promising tool for future evaluation of nigrostriatal degeneration is the recently
published data of using NODDI in PD. Using NODDI Kamagata et al. (Kamagata,
Hatano et al. 2015) found lower neurite density indices (fic in Paper III) in the
contralateral SNpc and putamen in PD patients. It was supposed that this might be
an indirect measure of nigrostriatal microstructural changes such as cell loss,
morphological changes in dendritic length, and loss of dendritic spines and could be
associated with disease severity in PD. However, low signal-to-noise ratio (SNR) in
iron-rich structures can influence NODDI parameters (Kamagata, Hatano et al.
2015). We have developed a modified version of this concept, NDI (Lampinen
2015), explored in Paper III.

Neurite orientation dispersion density imaging (NODDI)
e A non-invasive, in vivo dMRI technique

e NODDI estimates microstructure more specifically than DTI

e Assumes intra-, extracellular, and cerebrospinal fluid (CSF) biophysical
tissue model for each voxel

e Neurite density index (fi.) and the orientation dispersion are parameters
that separately contribute to changes in FA
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Other MRI methods

T2- and T2*- (or the transverse relaxation rate R2* where R2*= (1/T2*)) weighted
MRI are sensitive to the presence of paramagnetic iron, which is found in the SN.
Because of this sensitivity to iron, T2- and T2*-weighted imaging of the SN were
among MRI studies of PD (Tuite, Mangia et al. 2013). These studies have shown
precise imaging of the SN, including the nigrosomes (Schwarz, Afzal et al. 2014).
Qualitative/quantitative MR changes in the SN do not discriminate between
different forms of parkinsonism (Rizzo, Zanigni et al. 2016).

Susceptibility weighted imaging (SWI)
e Exploits the magnetic properties of iron content of tissues

e Use magnitude and phase images

e Phase images can enhance contrast to local changes in magnetic
susceptibility

e Ferritin causes a phase shift in the local field that correlate with the
amount of iron deposition

e Quantitative susceptibility mapping (QSM) is a technique where phase
MRI data is processed to yield susceptibility maps.

SWI is another technique that exploits the magnetic properties of iron content of
tissues by using magnitude and phase images from a T2*-weighted gradient-echo
sequence. However, compared with a standard T2* sequence, SWI use thin sections
with a 3D acquisition to avoid background field T2* signal intensity loss. Moreover,
phase images can enhance contrast to local changes in magnetic susceptibility,
therefore, yielding increased sensitivity in detecting local changes in iron content
(Reichenbach, Venkatesan et al. 1997, Haacke, Xu et al. 2004, Haacke, Cheng et al.
2005). Nonheme iron, usually in the form of ferritin, is a highly paramagnetic
molecule, which causes a phase shift in the local field correlated with the amount of
iron deposition (Ogg, Langston et al. 1999, Haacke, Cheng et al. 2005). An example
of SWI in SN and red nucleus is shown in Figure 10.
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In vivo iron quantification using MRI relaxometry (T2*, R2*) or SWI consistently
demonstrates increased iron levels in SN in PD relative to HC (Table 1). Results of
iron quantification in the caudate nucleus, putamen and globus pallidus appear
highly heterogeneous (Table 1). However, several studies have observed
relationships between increased nigral iron accumulation, disease duration and
motor severity. SWI has also demonstrated the absence of nigrosomes in PD
(Schwarz, Afzal et al. 2014).

Table 1
MRI relaxometry (T2*,R2*) or susceptibility-weighted imaging (SWI) in vivo studies in PD from the literature.

First author Year | Comparisons MRI method Main results

Antonini(Antonini, Leenders 1993 | 30 PD: 33 HC T2 Decreased T2 in SN, caudate

et al. 1993) postmortem nucleus, putamen in PD

Ryvlin(Ryvlin, Broussolle et 1995 | 45PD:45HC T2 Decreased T2 in SN, putamen,

al. 1995) pallidum in PD

Graham(Graham, Paley et 2000 | 25 PD: 14 HC R(2)*and R(2)' | Increased R(2)*and R(2)'

al. 2000) relaxation rates in SN, decreased
R(2)" in putamen in PD

Kosta(Kosta, Argyropoulou 2006 | 40 PD:40 HC T2 Decreased T2 in SN, increased

et al. 2006) in putamen and globus pallidum
in PD

Martin(Martin, Wieler et al. 2008 | 26 PD: 13 HC R(2)* Increased R(2)* in SN pars

2008) compacta in PD

Wallis(Wallis, Paley et al. 2008 | 70 PD: 10 HC R(2)' Increased in SN and putamen in

2008) PD

Zhang(Zhang, Zhang et al. 2010 | 40 PD: 26 HC SWiI Increased iron in SN in PD

2010)

Wang(Wang, Butros et al. 2012 | 16 PD: 8 MSA-P : SWI Increased iron in putamen in

2012) 44 HC MSA-P : PD

Jin(Jin, Wang et al. 2012) 2012 | 87 PD:50 HC SWI Increased iron i SN

Bunzeck(Jin, Wang et al. 2013 | 20PD: 20 HC Volume, R2* Decreased volume and MT value

2012) and MT value in SN in PD

Martin-Bastida(Martin- 2017 | 70PD: 20 HC SWI Increased iron in SN in PD

Bastida, Lao-Kaim et al.

2017)

HC, healthy controls; PD, Parkinson’s disease; SN, substantia nigra; SWI, Susceptibility weighted imaging.

Increased nigral iron accumulation in PD appears to be stratified according to
disease motor severity and correlates with symptoms related to dopaminergic
neurodegeneration (Martin-Bastida, Lao-Kaim et al. 2017). This semi-quantitative
in vivo iron assessment could prove useful for objectively monitoring PD
progression, especially in clinical trials concerning iron chelation therapies.
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Figure 10

Susceptibility weighted imaging (SWI) of the substantia nigra (SN) and red nucleus of patient with PD from the
BioFINDER study. Representative consecutive slices showing ROI placement in the red nucleus and SN on SWI
maps.

Quantitative susceptibility mapping (QSM) is a technique where phase MRI data is
processed to yield susceptibility maps. The quantitative maps correlate well to tissue
iron content (Langkammer, Schweser et al. 2012). Iron accumulation is common in
neurodegenerative disorders. QSM has shown improved imaging of the subthalamic
nucleus and globus pallidus interna (Liu, Eskreis-Winkler et al. 2013) and has been
used to investigate changes in the SN in PD (Barbosa, Santos et al. 2015, Murakami,
Kakeda et al. 2015). While QSM is commonly gathered through dedicated data
acquisition, routine clinical SWI sequence may be used for quantitative
measurements. Sjostrom et al. has previously showed that PSP and MSA exhibit
characteristic susceptibility patterns in a retrospective pilot study using such data
(Sjostrom, Granberg et al. 2017).

Neuromelanin-sensitive imaging has observed decreased volumes of SNpc and
locus coeruleus (Castellanos et al., 2015), or decreased signals in locus coeruleus
(Garcia-Lorenzo et al.,, 2013), indicating loss of dopaminergic neuromelanin
containing neurons in these regions in PD.

Results of perfusion MRI, proton MR spectroscopy (Groger, Bender et al. 2013),
and functional MRI (fMRI) have been used diagnostically in parkinsonism (Tuite,
Mangia et al. 2013, Holtbernd and Eidelberg 2014, Kahan, Urner et al. 2014,
Pyatigorskaya, Gallea et al. 2014).
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Al-Bachari et al. (Al-Bachari, Parkes et al. 2014) examined neurovascular status and
cerebral blood flow in PD through arterial spin labeling (ASL) measures of arterial
arrival time (AAT). Widespread regions of the brain showed prolongation of AAT.
A combined ASL and morphometric study observed a pattern of “parietal cortical
thinning and reduced precuneus perfusion” that appeared even in mild PD
(Madhyastha, Askren et al. 2015). ASL perfusion indicated subthalamic nucleus
hyperconnectivity with primary motor cortex and precuneus regions (Fernandez-
Seara, Mengual et al. 2015).

Finally, many MR studies have provided a combination of both qualitative and
quantitative findings (Rizzo, Zanigni et al. 2016) or the integration of multimodal
MRI (Eckert, Tang et al. 2008, Rae, Correia et al. 2012, Nair, Tan et al. 2013,
Surova, Nilsson et al. 2015).

In summary, MRI in PD investigations is a noninvasive approach and does not
expose subjects to radiation. This safety profile, along with excellent spatial and
temporal resolution and wide availability, has led to widespread applications of MRI
for structural and functional neuroimaging investigations of PD.

Cognitive screening

Mild cognitive impairment (MCI) occurs in 20-50% of PD patients (PD-MCI)
(Goldman, Holden et al. 2015) and frequently progresses to dementia (Pedersen,
Larsen et al. 2013). The point prevalence of dementia is 31.5% in PD (Aarsland,
Zaccai et al. 2005). Patients with PD had almost six-fold increased risk of dementia
compared to HC. As a potential treatable conditions the identification of PD-MCI
and dementia in PD (PDD) is urgent.

Typically for PD cognitive decline is in executive function, includes planning,
attention, working memory, and task set-shifting. The hippocampus degenerates in
later stages of PD and leads to memory impairment and other cognitive dysfunction
in later stages of PD. Typically for PSP are behavioral changes (include apathy,
irritability, childishness, and impulsivity), executive dysfunction, memory,
visuospatial, and language and social cognitive deficits (Hoglinger, Respondek et
al. 2017). Cognitive disturbances in MSA include a wide spectrum from mild single
domain deficits to impairments in multiple domains and even to frank dementia in
some cases (Stankovic, Krismer et al. 2014). Frontal-executive dysfunction is the
most common presentation, while memory and visuospatial functions may also be
impaired (Stankovic, Krismer et al. 2014).

When investigating cognitive function in PD, a neuropsychological test should
include tests of memory, executive function, visuospatial function, and language
function (Goldman, Holden et al. 2015). Previous studies have shown that the
Montreal Cognitive Assessment (MoCA) test is a better screening method for
cognitive impairment due to PD, than Mini mental state examination test (MMSE)
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(Biundo, Weis et al. 2016). After clinical and neuropsychological assessment, a
cognitive diagnosis of not impaired, PD-MCI, or PDD is recommended to be
assigned at a clinical consensus conference (Cholerton, Zabetian et al. 2013), in
accordance with MDS recommendations (Goldman, Holden et al. 2013, Goldman,
Holden et al. 2015).

In PSP, three cognitive screening tests have been demonstrated to differentiate
between patients with PSP and individuals with other neurodegenerative conditions
including APS: Dementia Rating Scale (DRS)(Dubois, Slachevsky et al. 2000, Bak,
Rogers et al. 2005), Addenbrooke's Cognitive Examination (ACE) and Frontal
Assessment Battery at bedside (FAB) (Dubois, Slachevsky et al. 2000, Paviour,
Winterburn et al. 2005, Brown, Lacomblez et al. 2010). FAB with a cut-off of 15
was shown to differentiate patients with PSP from individuals with PD or MSA
(Paviour, Winterburn et al. 2005). A 24-item Frontal Behavioral Inventory (FBI)
(Kertesz, Davidson et al. 1997), neuropsychological investigation (Cummings,
Mega et al. 1994), clinical tests (e.g. applause sign) (Somme, Gomez-Esteban et al.
2013) and various other neuropsychological test batteries can be used in PSP, but
they are not specific. No single test distinguishes PSP from other related disorders.

In MSA, cognitive impairment is present more frequently than previously considered
(Stankovic, Krismer et al. 2014). Today, there is lack of consensus about which test
is best suited to assess cognition in patients with MSA. In according to a position
statement by the Neuropsychology Task Force of the MDS MSA (MODIMSA)
Study Group, executive functions and fluency are the most commonly affected,
while attention, memory and visuospatial domains are sometimes impaired, and
language mostly spared (Stankovic, Krismer et al. 2014). MODIMSA made a
summary of the methods and results of the neuropsychological studies assessing
cognitive functions in MSA (Stankovic, Krismer et al. 2014). Dementia in MSA
patients used to be diagnosed with PDD criteria (Kim, Jeon et al. 2013), DSM-IV
criteria (Kitayama, Wada-Isoe et al. 2009’ or cut-off values of the Clinical Dementia
Rating Scale (Chang, Chang et al. 2009, Kitayama, Wada-Isoe et al. 2009) or Mattis
Dementia Rating Scale (Chang, Chang et al. 2009).
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Cerebrospinal fluids and blood-based biomarkers

Neurofilament light chain (NfL) protein in cerebrospinal fluid (CSF) is a promising
marker for APS. Studies have previously shown that the CSF concentration of NfLL
is increased in APS but not in PD (Constantinescu, Rosengren et al. 2010, Herbert,
Aerts et al. 2015) and that NfL in CSF can discriminate between PD and APS with
a high degree of diagnostic accuracy (Abdo, Bloem et al. 2007, Hall, Ohrfelt et al.
2012, Magdalinou, Paterson et al. 2015). In a recent study Hansson et al. (Hansson,
Janelidze et al. 2017) showed that quantification of blood NfL concentration can be
used to distinguish PD from APS and thus might consequently be included in the
diagnostic workup of patients with parkinsonism.

Conclusion

Differential diagnosis of parkinsonism relies on the clinical exam. The role of
conventional structural MRI is largely limited to the exclusion of structural lesions
causing secondary parkinsonism. dMRI has higher sensitivity to discern subtle
microstructural changes than conventional MRI, and has shown some potential in
the separation of APS from PD. Studies employing novel MRI techniques have
provided promising results, but larger prospective studies are required to determine
the merits of these techniques in the differential diagnosis of parkinsonian
syndromes. The integration of neuroimaging and CSF/blood biomarkers could
allow for more accurate differential diagnosis than a single approach.
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Aim

Study 1

1. To investigate whether there are global and regional changes in larger WM
tracts in patients with PD, MSA-P, and PSP, compared to HC, employing
DTT.

2. To study if DTT can be used in the differential diagnosis between PSP and
PD, and also between PSP and MSA.

Study 11

1. To investigate the presence of disease-specific changes in the basal ganglia,
thalamus, pons, midbrain, and dentate-rubro-thalamic tract (DRTT) of
patients with PD, MSA-P, and PSP, using DTI and morphometric analyses.

Study 111

1. To explore whether DKI and NDI can be used to assess the basal ganglia,
thalamus, pons and midbrain using tractography of selected WM tracts in
PD.

2. To investigate whether there are differences in DKI and NDI parameters
between postural instability gait difficulty (PIGD) and tremor dominant
(TD) phenotypes of PD.

Study IV

1. To explore whether there are dMRI changes over 2 years in DKI parameters
of WM and deep GM of patients with PD and if these correlate with disease
progression.

Study V
1. To evaluate the use of QSM for clinical diagnostics in PD, PSP and MSA.
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Subjects and methods

Study participants

The common base for the papers in this thesis were two case-control studies of
patients with idiopathic parkinsonism and controls. The studied cases were sampled
from the South Region of Sweden, a catchment area with 1.3 million inhabitants
(http://www.scb.se), and were investigated for sub classification of different forms
of parkinsonism.

Cohort 1, the studied cases were selected retrospectively, in accordance with defined
inclusion and exclusion criteria (Litvan, Agid et al. 1996, Litvan, Hauw et al. 1996,
Gelb, Oliver et al. 1999, Gilman, Low et al. 1999), from patients who visited the
Neurology and Memory Clinics at Skéne University Hospital and Landskrona
Hospital, Sweden, during 4 years (2008-2011). HC, age- and sex-matched, were
recruited from the Swedish population registry and had no previous neurologic or
psychiatric diseases. Clinical evaluation, including a fixed protocol for neurological
signs, formed the basis for inclusion in the study. The clinical diagnosis used was
the diagnosis obtained at the 12-month follow-up visit. The medical records and the
results of auxiliary test were analyzed in Papers I and II.

Cohort 2, the studied cases were included in the prospective and longitudinal
Swedish BioFINDER study (www.biofinder.se) in Papers 1I-V (Hall, Surova et al.
2015). These study participants were recruited from the Neurology Clinic at Skane
University Hospital, Sweden, between 2008 and 2016. The study participants
underwent assessment by a medical doctor with experience in movement disorders
and a registered nurse using a large battery of rating scales. Overview of clinical
tests used in Papers II-V were summarized in Table 2.
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Table 2
Overview of clinical tests used in cohort 2 Papers II-V.

Paper Il Paper Il Paper IV PaperV
Cognitive tests
MMSE (Folstein, Folstein et al. 1975) v v v N
AQT (Nielsen, Wiig et al. 2004)
ADAS-Cog (Mohs and Cohen 1988) v N V
Motor tests
UPDRS (Fahn 1987) v R R R
H&Y (Hoehn 1967) N V V
S&E (Schwab 1969) N J
CAPSIT-PD test (Hagell 2000) N
The timed up and go test (Podsiadlo and Richardson 1991) v N V
Tandem gait (Fregly 1974) N v v
PSPRS (Golbe and Ohman-Strickland 2007) v

ADAS-Cog, the memory subtests of the Alzheimer's Disease Assessment Scale; AQT, Quick Test of Cognitive
Speed; CAPSIT, Core Assessment Program for Surgical Interventional Therapies H&Y, Hoehn and Yahr staging
scale; MMSE, Mini Mental State Examination; PSPRS, PSP rating scale; S&E, Schwab and England activities of daily
living scale; UPDRS, Unified Parkinson’s Disease Rating Scale.

A thorough medical history is taken and the patients undergo physical examination
regarding symptoms of PD and APS according to criteria as well as exclusion
criteria (Litvan, Agid et al. 1996, Litvan, Hauw et al. 1996, Gelb, Oliver et al. 1999,
Gilman, Low et al. 1999). Levodopa equivalent daily dose (LEDD) is calculated
(Tomlinson, Stowe et al. 2010). Controls underwent the same extensive testing.
Individuals with overt signs of parkinsonism or cognitive symptoms were not
included in the studies. Blood and CSF samples were obtained at baseline and
biannually.

In Paper III an empirical groupings was made into TD, PIGD and indeterminate PD.
The method used by Jankovic et al. (Jankovic, McDermott et al. 1990) applied. The
sum of UPDRS ‘tremor items’ (arm tremor by history, rest tremor of face, arms,
legs, postural and action tremor of arms by examination) was divided by the sum of
UPDRS ‘PIGD’ items (postural instability and gait by examination and walking,
freezing and falls by history). This ratio indicates PD subtypes as follows: <1.0 is
classified as PIGD, >1.5 is classified as tremor dominant and 1.0-1.5 is
indeterminate.

To ensure standardization, IMRI were performed on PD patients (Papers I1I-V, and
the derivation cohort Paper 11) during “on” medication state, or fully responding to
their PD medications (in the “on” state). At the time of testing, none of the patients
exhibited any dyskinesia, dystonia, or other signs of involuntary movement.

40



The patients from the Swedish BioFINDER cohort will be followed for up to 10
years. At baseline and at the 2, 4, 6 and 10 year follow-up, the study participants
undergo the examination as listed above. At the 1, 3 and 8 year follow up patients
are assessed with a shorter visit with a research nurse. BioFINDER study
participants undergo assessment using other battery of rating scales not included in
the thesis: 1-minute Animal Fluency test (Sebaldt, Dalziel et al. 2009), 1 minute
Letter S Fluency test (Isella, Mapelli et al. 2014), Clock drawing test (Shulman
2000), The International Quality Of Life Assessment (IQOLA) (Gandek, Ware et
al. 1998), SF-12, Walk-12 (Holland, O'Connor et al. 2006), SCOPA-AUT (Visser,
Marinus et al. 2004), SCOPA-Sleep (Marinus, Visser et al. 2003), FACIT-FS (Cella
and Webster 1997), HADS (Zigmond and Snaith 1983).

Table 3
Chart over follow-up routines in the study.

Baseline | 1year | 2 3 4 8 10
years years years years years years

Medical Doctor V N \/ N

Registered nurse N R R N v N v v
Medical history v v v N v
UPDRS I-IV v v v v v v N v
Hoehn & Yahr scale N J N v J
CAPSIT-PD test N v J \/ J
Timed Up and Go v v v v v
Tandem Gait v J N v J
MMSE v v J v v v v v
ADAS-Cog v 7 7 7 3
AQT N v v N v N v v
Animal Fluency v J J N J
Letter-S Fluency N N N v N
Clock drawing test J J J J J
CSF N N J v 7
Blood samples N R N J v
Ortostatic blood N N N N N J N N
pressure

Questionnaires v v v N 7
MRI N J N \/ J

ADAS-Cog, the memory subtests of the Alzheimer's Disease Assessment Scale; AQT, Quick Test of Cognitive Speed
UPDRS, Unified Parkinson’s Disease Rating Scale; CAPSIT, Core Assessment Program for Surgical Interventional
Therapies; CSF, cerebrospinal fluid.
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Patients also undergo MRI at baseline and there after every other year (Table 3).
Orthostatic blood pressure measures annually (Gilman, Wenning et al. 2008) (Table

3).
Overall research plan

Overview of design of the studies is presented in Table 4.

Table 4
Overview of the design of the studies.

Paper I 1l L1l \" \'
Retrospectiv case- Retro and Prospectiv Prospectiv Prospectiv
control cross- prospectiv case- case-control case-control case-control

5 sectional study control cross- cross-section cross-section cross-section

'g section study study longitudinal study

a study
Patients from the Derivation cohort Patients were consequently included between 2008

g Neurology and from BioFINDER and 2016 from the prospective and longitudinal

2% Memory Clinics at study Swedish BioFINDER study (www.biofinder.se) at the

23 Skane University Validation cohort Skane University hospital, Lund, Sweden

2] g— Hospital and from Paper |

o Landskrona Hospital,
2008-2011
PD, n=10, Derivation cohort: PD, n=105, PD, n=76, PD, n=133,
» PSP, n=16, PSP, n=8, controls, n=44, controls, n=38, controls, n=44,

% MSA, n=12, controls, n= 30. PSP, n=10, who had done PSP, n=11,

k-3 controls, n=16 Validation cohort: MSA, n=11 MRI two years MSA, n=10

.% PD, n=10, apart

I PSP, n=27,
o MSA, n=11,
controls, n=21
Descriptiv and Descriptiv and Descriptiv and Descriptiv Descriptiv and
analytic statistic analytic statistic analytic and analytic analytic
(Fisher’s Exact test, (Fisher's Exact test, | statistic statistic statistic
Kruskall-Wallis test, Kruskall-Walllis test, | (Pearson’s x? (Pearson’s 2 (Pearson’s x?
® Mann-Whitney U-test Mann-Whitney U- test, Mann- test, ANOVA, test, ANCOVA,

B with Bonferroni test with Bonferroni | Whitney U-test, Mann- AUC,

—:' correction, univariate correction, binary ANCOVA, Whitney U- discriminant

5 binary logistic logistic regression univariate test, analysis, for
= regression analysis, analysis, ROC binary logistic ANCOVA, the pairwise

2 ROC analysis) analysis; regression univariate comparisons

_g Spearman’s rho. analysis, ROC binary logistic Bonferroni

8 Threshold-Free analysis; regression correction;

»n Cluster Spearman’s analysis; Pearson partial

Enhancement of rho) R2 Linear correlation
FSL Randomize (v and tests)
2.9), effect sizes) Spearman’s

rho)

Sperman’s rho, Spearman’s rank correlation coeficient; R2 Linear, Linear regressions analys; ROC, receiver operator
characteristic curve analysis.
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Methods

For Papers [ and 11 (derivation cohort) AMRI were performed on a 3 T Philips Intera
MR scanner (Table 5). For Paper Il (validation cohort), Papers 11I-V dMRI were
performed on a 3 T Siemens Skyra MR scanner (Table 5).

Table 5

Parameters of data acquisition and processing papers I-V.

DTI parameters
& = o
° - £ £ £ =
8 3 & £ = £ 2
c = = - = £ < S
£ ") ] o 8 = o o
© o 3 = 52 o N = = e
= i} 2 g‘zg %%: %‘E 9 » S.| &7 o S5
2 |z Sz 2B g8 s | 3 g8 | E8| 35| &t E3
= £ > = = o s &
c = 58 LEE 551 a2 4 s | &8 SE|RE c8
3T 8 single 48 0 and 2x2x2 60 25 6.5 256%256x120 No
Philips -shot 800 data
Achieva 90/
_ 7900
3T 20 single 30 0 and 2x2x2 2 4.2 294x294%120 6/8
c Siemens -shot 1000
2 " Skyra 70/75
[ 00
£ <
$0
3T 8 single 48 0 and 2x2x2 60 25 6.5 256x256%120 No
= Philips -shot 800 data
2 - Achieva 90/79
ﬁ s 00
$38
3T 20 single 6, 0, 250, 2.3x2.3x2.3 2 14 294x294x120 6/8
Siemens -shot 6, 500,
Skyra 103/ 20, 1000,
> 8100 and and
= 64 2750
3T 20 27/20 ND ND 0.86 x 0.86 x ND ND ND ND ND
Siemens 1.5 (SW1)
Skyra 1x1x1
(volumetric
> analysis)

EPI, Echo planar imaging; FOV, Field-of-view, ND, non-defined.
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Structural MRI assessment

All patients and controls in Paper Il were examined by dMRI, included T1- and T2-
weighted images (Table 5).

DTI-data post-processing

In Papers I and II, subject motion and eddy-current correction was performed in
ElastiX (Klein, Staring et al. 2010), as implemented in ExploreDTI (Leemans 2009),
taking the b-matrix reorientation into account (Leemans and Jones 2009).

In Papers III and IV, motion and eddy current distortions were corrected using an
extrapolation-based method for improved high b-value performance (Nilsson 2014).

Tractography

For Paper I, whole-brain DTG was carried out using ExploreDTI (Leemans 2009),
with FA and angular threshold values of 0.2 and 30°, respectively. Multiple ROIs
were selected on the directionally color-coded FA images to dissect the cortico-
spinal tract (CST), CC, CG and MCP. Regional evaluation comprised projection of
FA, MD, Dr, apparent area coefficient (AAC) onto a calculated mean tract and
extraction of their values along each structure.

For Paper II, the PTG method with constrained spherical deconvolution (CSD)
(Tournier JD 2012), was carried out using MRtrix (Brain Research Institute,
Melbourne, Australia, http://www.brain.org.au/software/) (Tournier, Calamante et
al. 2007), to model multiple fiber orientations in each voxel of DRTT (Figure 7).

For Paper III, CSD (Tournier JD 2012) was carried out. The ROIs used to define the
seed region for each tract, and to segment the tract based on logical operations, were
defined in MNI152 standard-space (Mazziotta, Toga et al. 2001), and warped back
to native space utilizing the warp-fields generated by FLIRT and FNIRT (Andersson
2012).

Region-of-interest methods

For Papers II-IV, ROIs were drawn manually in the nucleus caudatus, putamen,
globus pallidus, thalamus, red nucleus, SN, pons and midbrain.

The manual tracing was performed in 1) the b0 image and 2) a T1-weighted image
registered to the FA image.

For Paper I, semi-automatic segmentation was performed based on the FA-skeleton
algorithm in the TBSS (v 1.03), part of the FRMIB Software Library (FSL), for
tractography of thalamus (Figure 8). FA an MD maps were registered onto the 1
mm® FMRIB58 FA template in MNI152 standard space, using the linear and
nonlinear registration tools FLIRT and FNIRT (Andersson 2012, Andersson 2012).
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Before registration, the diffusion maps were masked with the FSL Brain Extraction
Tool (BET) (Smith 2002). The normalized maps were skeletonized by projection
onto the FMRIBS58 template skeleton. Finally, the skeletonized maps were masked
to include only voxels from the thalamus. The masking was done using the left and
right thalamus regions in the MNI152 space Harvard-Oxford subcortical atlas,
together with the requirement that the MD of the normalized maps must be less than
unity in the control subjects of the derivation cohort (Smith, Jenkinson et al. 2004).

Morphometric analysis

For Paper Il derivation cohort volumetric data were acquired using a MPRAGE
sequence with TR/TE 7/3 ms, flip angle 9°, resolution 1x1x1 mm?® and in validation
cohort using a Tl-weighted TFE sequence with TR/TE 8/4 ms, flip angle 10°,
resolution 1x1x1 mm®. VBM was performed with FIRST (Patenaude, Smith et al.
2011). Correction for intracranial volume was achieved by multiplying each volume
with the scaling factor that estimates the scaling between the subject’s image and
standard space and that is provided by the SIENAX toolbox (Buckner, Head et al.
2004).

The diameter and area of the midbrain and pons, the midsagittal slice were assessed
according to Oba et al. (Oba, Yagishita et al. 2005).

DKI-data analysis

For Papers III and IV DKI analysis was performed to obtain maps of FA, MK, and
MD (Figure 9), using in-house developed software which fitted the diffusion and
kurtosis tensors by nonlinear optimization as in Létt et al. (Latt, Nilsson et al. 2013).
The fitting only allowed positive values of the diffusion tensor eigenvalues. In a
small number of voxels where the kurtosis was below zero, the fitting was repeated
after additional smoothing was performed.

NDI-data analysis

For Paper III NDI analysis (Lampinen 2015), a simplification of the NODDI
analysis (Zhang, Schneider et al. 2012), was performed to obtain maps of the fi. and
the partial fraction of free water (fin) (see Paper III for more exhaustive
descriptions).

SWI-data analysis

In Paper V the phase and magnitude data was processed using an in-house pipeline
consisting of FSL (version 5.0.8, http://www.fmrib.ox.ac.uk/fsl), MATLAB
(version R2015a, MathWorks, Natick, USA) and STISuite (version 2.2, Duke
University, Durham, North Carolina, USA). These methods are more extensively
described and illustrated in a previous study (Sjostrom, Granberg et al. 2017). To
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summarize, brain masks were created using FSL-BET on the magnitude images
(Smith 2002). The masks were then three-dimensionally eroded to ensure that no
extra-cerebral tissue was present within the mask. The masks were applied to the
phase images which were unwrapped using Laplacian techniques and thereafter
processed using the Variable-kernel Sophisticated Harmonic Artifact Reduction on
Phase data method (V-SHARP) to remove unwanted background phase. Finally, the
inverse solution from field to source was calculated using the improved sparse linear
equation and least-squares method (iLSQR) (Li, Wu et al. 2011, Wu, Li et al. 2012,
Li, Avram et al. 2014, Li, Wang et al. 2015) (see Paper V for more exhaustive
descriptions).

Statistical analysis

Descriptive statistics was used for group comparisons in all studies. The distribution
of data was described by mean, standard deviation (SD), effect size (ES) (Paper 1),
coefficient of variation (CV) of diffusion parameters (Papers II and III).

For comparisons of differences between groups Fisher’s Exact test was used in
Papers I and II (demographic and clinical categorical variables). Proportions
were compared using Pearson’s Xz test (Papers I1I-V). The Kruskall-Wallis test
followed by the Mann-Whitney U-test were used for continuous data. An
adjustment for multiple comparisons was made using Bonferroni correction (Papers
I, IT and V). For the dMRI parameter comparisons that came out significant using
non-parametric testing, tried in a one-way analysis of covariance (ANCOVA) that
was also conducted in order to control for the effects of gender and age (Papers III
and IV).

For analysis of correlation between dMRI data and clinical scales, Spearman’s rank
correlation coefficient was used (Papers II-1V). Pearson partial correlation tests
were conducted to test for correlations between susceptibility levels and clinical
scales, and between disease duration and susceptibility levels (Paper V).

A prediction model based on univariate binary logistic regression analysis adjusted
for age and sex was performed with diffusion parameter values that were
significantly different between groups based on the results of Mann-Whitney U-test
(Papers I and II) and on the results of ANCOVA (Paper IlI). The sensitivity,
specificity and the optimal cutoff level of DTI values chosen by the models were
calculated with receiver operator characteristic curve analysis (ROC).

Statistical processing of TBSS data was performed using Threshold-Free Cluster
Enhancement of FSL Randomize (v 2.9), with 7500 permutations for the null
distribution.

Intra-rater reliability of manual ROI-analysis was applied in all studies. ROIs
were redrawn 8 weeks later on the same images, by the same investigator (intra-
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rater variability > 0.9 for all ROIs), and the average values from paired ROIs were
used for analysis. The image-presentation order was randomized, and the
investigator was blinded to the order. The reliability of the ROI-placement
procedures in Paper IV was calculated using the intraclass correlations coefficient
(ICC) estimates and their 95% confident intervals were calculated based on a mean-
rating (k = 1), single measures, absolute-agreement and 2-way mixed effects model
(Koo and Li 2016).

Statisticians from FoU-centrum Skéne, Skane University Hospital, were consulted
for Papers I-111I of the thesis.

Ethical considerations

The studies in of this thesis were approved by the Regional Ethics Committee for
Research of Lund University and performed according to statutes of the Declaration
of Helsinki. Informed oral and written consent was obtained from all subjects prior
to inclusion in the studies.

All studies included non-invasive MRI and was considered safe for the participants,
because there are no known risks of MRI in humans. All MRI scans, of patients and
controls, were clinically assessed by a neuroradiologist in order to detect
pathological findings.
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Results

Paper I

This study was performed to assess alterations in measures of DTT in parkinsonism,

exploring the potential role of DTI in diagnosis and as a candidate biomarker.

Patients and controls

In Paper I, participants from cohort 1 were used. During the inclusion period 54
study participants were included. At the 12-month follow-up visit the clinical
diagnoses were: 10 PD (definite PD), 12 MSA-P (11 unspecified, probable MSA-P
or possible MSA-P, 1 definite MSA-P), 16 PSP (15 unspecified, probable PSP or
possible PSP, 1 definite PSP). Demographic and clinical data of patients and HC are

reported in Table 6.
Table 6 Demographic characteristic Papers I-V.
Papers Controls PD MSA PSP Control PD MSA PSP
s
Mean age Gender female:male
| 67 (63-73) 68 (59-70) 63 (56-75) 68 (65-72) 79 4:6 8:4 9:7
I, 69 (67-72) 70 (68-75) 16:14 4:4
derivation
cohort
I, 69 (65-76) 68 (59-70) 64 (56-76) 68 (65-71) 9:12 4:6 7:4 13:14
validation
cohort
mn 68 (59-72) 69 (62-74) 64 (57-71) 71 (70-76) 25:19 61:44 | 6:5 55
v 67 (59-72) 66 (59-72) - 16:22 52:24
v 66.0+£7.8 66.9£9.6 63.4+114 722+55 26:18 48:86 | 6:4 6:5

All values expressed as medians, values in parenthesis indicate 25-75 percentiles.

The median disease duration at diagnosis (MRI investigation) was 4.5 (PD), 3.0
(MSA-P), 3.5 (PSP) years. There were no significant differences in age, gender
ratio or disease duration between the PD, MSA-P and PSP groups.
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Diffusion parameters

The most prominent differences were detected in FA, MD and Dr values in the CC
in patients with PSP compared with both PD and controls. In addition, PSP patients
showed a significantly lower AAC in the CG (ES = 1.9) and higher MD in the CST
(ES = .8) compared to PD. There were no significant differences between PSP and
MSA-P patients. We also found significantly higher AAC in the CG (ES = 1.5) of
patients with PD compared to controls. MSA patients showed a significantly higher
Dr in the CST (ES = 1.3) compared to PD. There was an increase in MD (ES = 0.8)
and decrease in AAC in the MCP (ES = 1.2) in MSA compared to PD patients,
which did not reach statistical significance. The median values of diffusion data and
AAC for the whole tracts are summarized in Table 2 (Paper I).

Concerning the regional analysis along WM tracts, there were consistent variations
of the DTT parameters along each tract, as determined by visual inspection, which
were very similar in the different patient groups and controls. Each tract and
parameter had its characteristic “2D-profile” along its length (Figure 2, Paper I).
The exception was the diffusion values from CC in the PSP group that differed
significantly in shape from the other groups. For all parameters, there were
differences in FA and Dr values between the left and right CG (Figure 3, Paper I)
and, to a lesser degree, for MD in the CST (data not shown), which were consistent
throughout the control and patient groups.

Although all statistically significant differences between controls and disease
groups are depicted in Figure 2 (Paper I), only continuous changes encompassing
more than 2 cm along a tract were considered of significance for further analysis.
There was a trend towards lower AAC in both the MSA and PSP groups in MCP,
which was not significant (Figure 2, Paper I). In PSP, significant changes were seen
for AAC in the CG and for MD in the CST. However, the most striking finding was
a marked increase in MD and Dr, and a corresponding reduction of FA, in the
anterior and central parts of the CC in PSP.

Diagnostic accuracy of diffusion parameters in CC, CST, CG in PSP.

Based on the Mann-Whitney U-test, five models of univariate binary logistic
regression analysis were performed in order to test the potential of using diffusion
parameters for differential diagnosis of PD and PSP. AAC in the CG, MD in the
CST, MD in the CC, Dr in the CC and FA in the CC were included in the models,
see Statistical analysis. A summary of the results is shown in Table 3 (Paper I), with
details of each comparison given below.

Logistic regression analysis confirmed that the AAC in the CG, the MD in CST and
the MD in the CC could significantly (p < .025) discriminate PSP from PD (Table
3, Paper I). The sensitivity and specificity for all these parameters, calculated using
a ROC curve analysis, showed the optimal cutoff levels (with an area under the ROC
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curve (AUC) of .85-.88) to discriminate PSP from PD with a sensitivity of 81-94%
and a specificity of 80%. This correctly classified 80-87% of PSP and PD subjects.

To further evaluate the differences in regional values of diffusion parameters along
WM tracts demonstrated above, diffusion parameters from the anterior and posterior
part of CC were compared separately. The MD in the anterior part of CC, tested in
the model of binary logistic regression, age and sex adjusted, showed significantly
increased values in PSP vs PD, as was seen for the MD in the whole CC. MD in the
posterior part of the CC did not reach significance in the binary logistic regression
model. However, bee swarm box plots showed substantial overlap between the
different groups (Figure 4, Paper I).

Paper I1

Paper II was performed to assess alterations in measures of DTI in parkinsonism in
a derivation cohort, to confirm results in validation cohort, and to explore the
potential role of DTI in diagnosis and as a candidate biomarker.

Patients and controls

Age, gender, and disease duration were similar in the PD, MSA-P, and PSP groups
in both deviation cohort (=cohort 2) and validation cohort (=cohort 1) (Table 6
thesis and Table 1, Paper II).

Diffusion parameters

a) ROI analysis

In the derivation cohort, we found that patients with PSP have increased MD in the
whole thalamus, the thalamic nuclei (VAVL and LPVP) and the midbrain (Table 2,
Paper 11).

Significant changes of MD (increase with 9-12%) were found in the caudate head,
thalamus, VAVL, LPVP and midbrain in PSP. Values of FA were reduced with 12—
19% for the SCP and midbrain in PSP patients.

In the validation cohort patients with PSP showed higher MD values in the whole
thalamus, the VAVL nuclei of the thalamus and the midbrain compared to controls,
patients with PD and patients with MSA-P (Table 2, Paper II). Patients with MSA-
P displayed higher MD values in the pons than controls and patients with PD, but
not compared to patients with PSP (Table 2, Paper II). The values of MD in PSP
were increased with 6-9% in the putamen, thalamus, VAVL, LPVP, and pons, and
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with 12-15% for midbrain, SCP and red nucleus. Values of FA in PSP were reduced
with 5-6% in the putamen and VAVL, with 11-15% in midbrain and SCP.

In the patients with PSP, MD changes in the thalamus did not correlate with
volumetric measurements in any of the cohorts.

b) TBSS

In the derivation cohort, PSP patients showed significantly higher MD than controls
in 75% of the skeletonized voxels in the thalamus (Figure 8).

In the validation cohort, patients with PSP were found to have a higher MD in the
thalamus than controls (75% significant voxels). In the derivation cohort a higher
MD was also found in the PSP group compared to both PD (67% significant voxels)
and MSA-P (53% significant voxels). Furthermore, a reduced FA was observed in
PSP vs controls in both cohorts, and in PSP vs PD in the derivation cohort (30-50%
significant voxels).

¢) Tractography of the DRTT

As many of the changes in diffusion parameters in patients with PSP observed above
were localized in structures associated with the DRTT (i.e. SCP, midbrain, and
ventral thalamus), PTG of this tract was performed. In the derivation cohort,
elevation in MD and reduction of FA was seen in patients with PSP, even though it
only reached significance on the right side (p < .05) (Figure 3 panels c-d,
Supplemental table 2, Paper II).

Value of FA was reduced with 19% and value of MD was increased with 14% for
right DRTT in PSP patients. Similar to the derivation cohort, tractography of the
DRTT in patients with PSP in the validation cohort exhibited reduced FA and
increased MD in the DRTT on both sides when compared to both controls and
patients with PD or MSA-P (Figure 3 panels c-d, Supplemental table 2, Paper II).
The values of FA were reduced with 21-28% and values of MD in PSP were
increased with 24-29% in the left and right DRTT.

Volumetric measurements

The volumes of the thalamus, the putamen and the globus pallidus were reduced in
patients with PSP in both cohorts (Supplemental table 1, Paper II). The midbrain
area was reduced in patients with PSP when compared to PD, MSA-P, and control
subjects (Supplemental table 1, Paper I1). In patients with MSA-P (validation cohort
only), the volumes of the putamen, and the globus pallidus were reduced
(Supplemental table 1, Paper II). Only the thalamic volume and the midbrain area
were specifically reduced in PSP.
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Correlation between clinical scales and diffusion parameters of
thalamus and DRTT in PSP

In the derivation cohort increased MD in the whole thalamus, VAVL and LPVP
correlated with increased disease stage (H&Y) and with reduced rating scores of
activities of daily living (S&E) (Spearman’s Rho= — .732-.756, p < .05). Very
similar findings were obtained in the validation cohort. There was a negative
correlation between MD and disease stage (H&Y) in PSP patients in the validation
cohort, similar to that in the derivation cohort, for values obtained in the whole
thalamus and in the VAVL nuclei (Spearman’s Rho = .456 and .431, p =.017 and
p = .025, respectively). Further, higher MD in the LPVP correlated negatively with
functional measures of activity of daily living (S&E) (Spearman’s Rho =— .467 and
—.489, p=.014 and p = .01, respectively).

The thalamic volume correlated with neither S&E nor H&Y (both cohorts).

In the derivation cohort the patients with PSP were also assessed with other clinical
rating scales including UPDRS and the PSPRS. We found that worse motor
performance (UPDRS-3) was associated with increased MD in the whole thalamus,
VAVL and LPVP (Spearman’s Rho = .714-.772, p < .05) and reduced FA in the
whole thalamus (Spearman’s Rho= — .762, p = .028). Impaired balance (Tandem
Gait Test) correlated with increased MD in the whole thalamus, VAVL, LPVP, but
also with MD in the right DRTT (Spearman’s Rho = .791-.828, p < .05). Further,
we found significant correlations between diffusion changes in thalamus (whole
thalamus and VAVL) and the items in the PSPRS (Table 3, Paper II).

As depicted in figure 4 (Paper II) linear regression showed highly significant
positive linear correlation between MD in the thalamus in patients with PSP and the
PSPRS total score and strong negative linear relationship between FA in the
thalamus in PSP and the PSPRS total score.

Diagnostic accuracy of diffusion parameters of the midbrain, DRTT
and thalamus in PSP

Diffusion parameters from the validation cohort, that showed the most extensive
differences between PSP and other diagnostic groups, were tested separately in the
ROC analysis for diagnostic accuracy (Table 4, Paper II).

When using the MD in the midbrain we found that it could differentiate PSP from
controls with an AUC of .86, PSP from MSA-P and PD with an AUC of .90, PSP
from all groups .88 (Table 4, Paper II).

When using the MD in the right DRTT we found that it could differentiate PSP from
controls with an AUC of .95 (Table 4, Paper II). Similar results were obtained when
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PSP separated from MSA-P and PD (Table 4, Paper II) and when PSP separated
from all groups (Table 4, Paper II).

When using MD in the thalamus we found that it could differentiate PSP from
controls with an AUC of .77 (Table 4, Paper II). Similar results were obtained when
PSP separated from MSA-P and PD (Table 4, Paper II) and when PSP separated
from all groups (Table 4, Paper II).

Paper III

Paper III was performed to assess alterations in measures of DKI in parkinsonism,
exploring the potential role of DKI in diagnosis and as a candidate biomarker.

Patients and controls

Total 149 study participants (cohort 2) (Table 6, thesis). The PD and HC groups did
not differ significantly by age, but there was a significant difference in gender
distribution (Pearson’s y* test = 5.4, p < .05), with a higher proportion of men in the
PD group (Table 6, thesis and Table 1, Paper III).

47 patients (45%) were of PIGD subtype, 50 patients (48%) were of TD subtype
and 8 patients (8%) were of intermediate type. The PIGD group performed worse
on tests reflecting gait and balance (timed up and go and tandem gait tests) and a
cognitive function (AQT) compared to the TD group.

Diffusion parameters

Differences in dMRI parameters in PD compared to HC

Table 2 (Paper III) shows the comparisons in GM structures between PD and HC.
In the putamen, MD was increased with 8% and FA was decreased with 9% in PD
compared to HC (Mann-Whitney U test, p < .003; ANCOVA, p <.005). The PD
group also exhibited a 6% decrease of the MK in the putamen compared to HC
(Mann-Whitney U test, p < .05; ANCOVA, p < .001). In the thalamus, MD was
increased with 4%, and FA was decreased with 3%, in PD compared to HC (Mann-
Whitney U test, p <.05; ANCOVA, p <.001, p <.05, respectively). There were no
significant age- and gender-adjusted differences in dMRI parameters in the caudate
head or the pons between the two groups. There were no significant differences (p
<.05, ANCOVA) in NDI parameters in the caudate head, thalamus, putamen, and
pons found in PD. In the caudate head, the fi;, was decreased with 2% and in the
thalamus, fis, was increased with 2% in PD (p < .05, Mann-Whitney U test, p > .05,
ANCOVA).
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The comparisons in WM tracts between PD and HC are presented in Tables 3 and
4 (Paper I1I).

In SLF, the MD was increased with 4% and fi;, was increased with 9% (Mann-
Whitney U test and ANCOVA, p < .05) in PD. In CST, fi. was significantly
decreased with 3% (Mann Whitney U test and ANCOVA, p < .05 both) (Table 4,
Paper III).

Differences in dMRI parameters in PIGD compared to TD

The comparisons in GM structures between PIGD and TD are shown in Table 2
(Paper III). Compared to TD, patients with the PIGD phenotype exhibited a 7%
increase in MD in the putamen (Mann-Whitney U test, p < .01). The difference
remained significant after adjusting for age (ANCOVA, p < .05). There were no
differences in dAMRI parameters in the analyzed WM tracts between the two groups
(data not shown).

Correlations between clinical scores and dMRI parameters in PD

Next we analyzed correlations between the dMRI parameters that were changed in
PD compared to HC (according to the analyses above) with clinical measures of
motor and cognitive function.

Putamen: Increased MD correlated significantly with a worse motor function, as
measured by H&Y (Rs = .297, p <.005), UPDRS-III motor score (Rs =.192, p <
.05), tandem gait (Rs = .439, p <.001), and timed up and go (Rs = .443, p <.001)
tests (Figure 2, Paper III).

MK correlated negatively with the disease duration (Rs = —.206, p < .05).
Furthermore, increased MD correlated with impaired cognitive speed and attention,
as measured by AQT (Rs = .219, p < .05). Decreased MK was associated with
reduced memory performance, as measured by ADAS-Cog item 3 (Rs =.258, p <
.01). In summary, a high MD and a low MK in the putamen are associated with
more severe motor and cognitive symptomatology.

Thalamus: Increased MD correlated significantly with a worse motor speed and
balance, as measured by the CAPSIT-PD test (Rs =—.243, p <.05), tandem gait and
timed up and go tests (Rs = .222, p = .05 and Rs = .399, p < .001, respectively,
Figure 2, Paper III). Decreased FA also correlated negatively with timed up and go
test (Rs =—.226, p <.05).

SLF: Increased MD correlated significantly with the worsening of the motor
function, as measured by H&Y, UPDRS-III motor score, tandem gate, timed up and
go tests and the cognitive function, as measured by AQT and ADAS-Cog (Rs =
.204-.358, p < .05). Increased fi, correlated significantly with the worsening of the
motor function, as measured by tandem gate and timed up and go tests and the
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cognitive function, as measured by ADAS-Cog (Rs =.205-.325, p <.05). Increased
fiso correlated significantly with the worsening of the cognitive function as measured
by MMSE (Rs = —.202, p < .05). In the caudate head and thalamus, fi, did not
correlate neither with disease duration nor with clinical scales.

Differences in dMRI parameters in PD compared to PSP or MSA

To study whether the observed differences in dMRI parameters were specific for
PD, we also investigated the same parameters in patients with PSP and MSA and
compared these values to the ones obtained in the PD group. The results are given
in Table 5 (Paper I1I).

In summary, only FA and MK of putamen seem to be specifically changed in PD
where both these parameters are reduced indicating microstructural damage. All of
the other changes observed in PD were also found to be changed in PSP and MSA
in the same direction and often even more pronounced such as MD in the thalamus
or putamen.

Diagnostic accuracy of the studied dMRI parameters in identification
of PD

Based on the ANCOVA test, the univariate binary logistic regression analysis were
performed in order to test the potential of AMRI parameters for the differential
diagnosis of PD vs. HC. MD and MK in the putamen were included in the models,
see Statistical analysis. A summary of the results is shown in Paper III Supplement
(Supplemental Table 1, Paper III).

Logistic regression analysis confirmed that the MD and MK in the putamen could
significantly (p <.05) discriminate PD from HC. The sensitivity and specificity for
these parameters, calculated using a ROC curve analysis, showed the optimal cutoff
level of .79 for MD and of 1.18 for MK in putamen (with an AUC of .62-.65) to
discriminate PD from HC with a sensitivity and specificity of around 60%.

Paper IV

IV was performed to assess alterations in measures of DKI in parkinsonian
syndromes over two years, exploring the potential role of DKI in diagnosis and as a
candidate biomarker.

Patients and controls

Table 6 (thesis) and Table 1 (Paper 1V) shows the demographic and clinical
characteristics of HC and patients with PD at baseline and after two years. There
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was no group difference in age but there was a significant difference in gender
distribution (Pearson’s * test = 7.2, p = .009), with a higher proportion of men in
the PD group.

The PD group had higher UPDRS III total and sub-scores (p <.001) compared with
HC. An effect of time was found for the MMSE (p = .006), due to an increase in the
HC group over the two years, and for LEDD in the PD group (p <.001), amounting
to a daily LEDD increase by approximately 35% (180 mg). There were no other
significant changes in any other clinical or demographic data over time (Table 1,
Paper V).

ROI method analysis of the deep grey matter

Changes in DKI parameters were observed in both PD patients and controls over
the two-year period. Specifically, reductions in MD and increases in MK and FA
were found in many brain regions (Online Resource 3, Paper IV). However, when
comparing the changes in dMRI parameters in PD over two years to the changes
observed in controls over the same time period, we only found a decrease in FA in
the putamen in PD (ANCOVA, B = — .248, p = .001). Figure 1 (in Paper 1V)
illustrates FA changes in the putamen for PD and HC. There were no other
significant longitudinal changes observed in PD when compared to controls,
including in the white matter (Online Resource 3, Paper IV).

TBSS analysis of white matter
There were no significant longitudinal changes in either MD, FA or MK in the WM
observed in PD patients compared to controls.

Correlation between clinical and DKI changes

Two-year change in FA in the putamen in PD patients correlated with LEDD at
baseline (R2 Linear =—.184; Rs =—.399, p <.0001) (Figure 2, Paper IV) and LEDD
at follow-up (data not shown). No correlations were found between DKI parameters
and UPDRS III, H&Y, and MMSE. Also no correlations were found between
change in DKI parameters versus change in UPDRS III, H&Y, and MMSE.

Analysis of white matter hyperintensities (WMH)

The amount of WMHs did not show any statistically significant difference between
controls and patients with PD (data not shown).
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Paper V

Iron accumulation is common in neurodegenerative disorders and QSM has been
used to investigate changes in PD.

Patients and controls

The demographics of the participants are presented in Table 1 (Paper V) and Table
6 (thesis). There was no significant difference in age (F3 195 = 1.842, p = .141
assessed by one-way ANOVA) between the groups. There was a difference in
gender distribution (p = .026 assessed by Pearson’s ¥’ test), with more male
participants in the PD group, thus a one-way ANCOVA was used to correct for
gender and age in the group comparisons.

Group differences

As shown in Figure 2 (Paper V) there were significant group differences in all ROIs;
globus pallidus (F3,193 = 6.474, p <.001), putamen (F3,193 = 32.920, p <.001), SN
(F3,193=22.968, p <.001), red nucleus (F3,103=43.137, p <.001) and dentate nucleus
(F3,103 = 26.291, p <.001). Significant effects of age were found in the putamen (p
<.001), red nucleus (p <.001) and dentate nucleus (p =.004). No significant effects
of gender were found in any of the regions. Further analyses revealed that the PSP
group showed higher susceptibility in the red nucleus compared to all other groups
(all p-values < 10"-4) and in globus pallidus, putamen, SN and the dentate nucleus
compared to PD and HC (all p-values < .0001). We also found higher putaminal
susceptibility in MSA compared to PD (p <.0001) and HC (p <.0001), and higher
susceptibility in SN (p = .0006) and the dentate nucleus (p < .0001) compared to
PD. We found no significant differences between the PD group and the control
group in any of the ROI. Representative susceptibility maps of the different groups
are presented in Figure 3 (Paper V).

Diagnostic performance

Diagnostic performance in the different regions between the groups was evaluated
using the area under ROC-curves, AUC. Cut-off levels were chosen to yield a
differentiation as close to perfect as possible by selecting the point on the ROC curve
closest to the upper left corner. The ROC-curves and associated results are reported
in Figure 4A-F (Paper V). To further investigate diagnostic accuracy, we also
performed discriminant analysis between each of the three patient groups and the
controls, using all of the five ROI. In the discriminant analysis, prior probabilities
were set to “all groups equal” to correct for unbalanced group sizes. In classifying
PSP vs. PD, we found a sensitivity of 100%, a specificity of 97 % and a total of
97.2% cases correctly classified. With leave-one-out cross-validation (LOOCYV),
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results were unchanged. When classifying PSP vs. MSA, a sensitivity of 90.9% and
a specificity of 90 % were achieved, with 90.5% of cases correctly classified. In the
LOOCYV of this classification we found a sensitivity of 81.8%, a specificity of 90 %
and a total of 85.7% cases correctly classified. Results from all discriminant
analyses are reported in Table 2 (Paper V).

Correlations between susceptibility and clinical scores

In the PD group, we evaluated correlations between susceptibility levels in the
different regions and the clinical scores from UPDRS-III and H&Y ratings. Due to
the small number of subjects with PSP and MSA, no correlation tests were carried
out in these groups. For this analysis, we used Pearson partial correlation while
controlling for age, gender and disease duration. There was a significant correlation
between putaminal susceptibility and UPDRS-III in the PD (R = .213, p = .015).
The remaining tests between susceptibility levels and UPDRS-III or H&Y did not
show any significant correlations. We also assessed correlations between disease
duration and regional susceptibility while controlling for age and gender. In these
tests, we found significant correlations in the PD group in the globus pallidus (R =
198, p=.023) and in the SN (R =.251, p=.004). Plots of the significant correlations
are shown in Figure 4G-1 (Paper V).
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Discussion

Methodological Considerations

Case ascertainment and representativeness of included patients

All of the included studies in this thesis fulfil the criteria for an optimal case-control
study (Song and Chung 2010) can be considered to provide Level 3 Evidence Based
Medicine (Song and Chung 2010). Patients were included if they fulfilled the strict
eligibility criteria. The selection process would probably limit generalizability of
our findings to a more “prototypical" case of PS. Thus, the use of diagnostic criteria
with a sensitivity 76-84% for PD (Ward and Gibb 1990), of 66% for PSP (Litvan,
Agid et al. 1996) and 92% for MSA (Osaki, Ben-Shlomo et al. 2009) might
potentially exclude patients with less typical presentation of PD, PSP and MSA.
More other, PD patients with more aggressive PD disease yielding DBS treatment,
were excluded because of a higher risk to get complication to the MRI investigation
that could be accepted by Helsinki Declaration. This selection might have biased
the study and may have led to the lack of the positive association between diffusion
changes and clinical scales scores. Specifically, the sensitivity of clinical diagnostic
criteria for PSP (Litvan, Agid et al. 1996), used in this study, is limited for variant
PSP syndromes with presentations other than Richardson's syndrome.

Although all patients fulfilled clinical research criteria for diagnosis of their
respective disorder, they might still vary substantially in disease stage, rate of
progression and clinical symptoms. Patients were selected from a variety of sources
including hospital patients, patients in a physician's practice, and clinic patients.
Neurologically HC were selected from the same population source (Skéne region).
The lack of autopsy confirmed diagnosis is an obvious limitation of all papers
included in this thesis. The other limitation is that the cases were selected mostly
from one hospital in the region, which affects generalizability of the results.

Paper I and validation cohort paper 11

Prospective hospital-based case ascertainment was combined with a confirmed
diagnosis on autopsy in two patients (cohort 1). Retrospective methods were used
for H&Y and S&E scale scores, and assessed based on the medical records. This
latter reduces the quality of the patient’s evaluation compared to face-to-face
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assessment. Moreover, no clinical scales were applied prospectively, thus no
correlation between clinical and dMRI parameters was possible. Diagnoses were
validated at the hospital where baseline imaging and radiology reports were
assessed. The individual age and gender matching strategy was used when controls
were selected from the Swedish population registry. All main study results were
age-adjusted, because dMRI parameters change with age.

In summary, cohort I are likely representative of most cases with parkinsonism,
especially those with autopsy-confirmed diagnoses. Retrospective clinical scales
assessment needs to be taken into account.

Paper II derivation cohort and papers I1I-V

Prospective hospital- and clinical practice-based case ascertainment and no
retrospective methods were used (cohort 2). Clinical follow-up protocol of
BioFINDER study facilitates re-evaluation of the clinical diagnosis to achieve as
correct diagnosis as possible. Another important aspect is that patients diagnosed
with structural lesions at baseline (stroke, meningioma, normal pressure
hydrocephalus) were excluded from the studies, that could influence how
representative the diagnostic potential is for the “general” PS population.
Neurologically HC were recruited, who did not have any objective cognitive or
parkinsonian symptoms. Controls were mostly recruited on a convenience manner
from spouses, relatives and friends of patients, using matching, which refers to
selecting controls so that they are similar to cases in age and gender. The evaluation
of scales was made mostly by physicians and nurses trained to examine patients
with PD and APS. It would have been preferable to record video film of the patient
being examined according to UPDRS-III protocol (Fahn 1987) that would be
examined by a second movement disorder specialist (Song and Chung 2010). These
biases decrease the internal validity of the investigation and should be carefully
addressed and reduced in the study design. Another limitation is that parkinsonism
was required to be included in the study. Some patients in the early stages of MSA
and PSP may have no signs or only very subtle signs of parkinsonism and thus were
not referred for possible inclusion in our project.

In summary, cohort II represents patients affected mostly by parkinsonism, which
together with interviewer bias needs to be taken into account when interpreting the
study results.

Radiological characteristics

In all papers, dMRI estimations was made by specialist in Neurology, trained in
DTl/tractography analysis, blinded to the clinical diagnosis. Therefore the
reproducibility of the measurements was uncertain. Rater bias was prevented by
blinding, and the intra-rater variability coefficient was calculated and reported. All
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MRI scans were made and assessed at the same center, which increases the accuracy
of assessments.

The issue of WMH in the thesis

WMH of presumed vascular origin are a common finding in brain MRI scans of
healthy elderly individuals and patients with parkinsonism (Bohnen and Albin
2011) and can contribute to cognitive decline due to micro-vascular changes (Deary,
Leaper et al. 2003, Slawek, Roszmann et al. 2013). Parameters obtained from the
dMRI, such as FA and MD, can demonstrate alterations in axonal microstructure,
with several studies showing that MD increases and FA decreases in areas of visible
WM degeneration such as that commonly observed in WMH (Bastin, Clayden et al.
2009). The aim of our study was not to differentiate diffusion changes in WM
secondary to PD from WM changes secondary to concomitant vascular pathology.
Thus neither patients nor HC with WMH were ruled out from Papers I-V. In Papers
I and IV, WMH were rated according to the scales of Fazekas (Fazekas, Chawluk
et al. 1987) and Wahlund (Wahlund, Barkhof et al. 2001) and compared. WMH
burden was higher among PD patients compared to HC, but did not show any
statistically significant difference. However, this approach does not strictly
demonstrate that there is relationship between WMH and diffusion parameters in
the PD group. Also, if relationship between WMH and diffusion parameters is
shown, the problem remains to interpret the origin of the WMH, which with
increasing magnetic field strengths become more complex and difficult to define by
visual inspection (Bohnen and Albin 2011). Unless patients die unexpectedly and
undergo a post mortem follow-up, determining the origin of the WMH in single case
will be by inference, and this remains a potentially biasing factor in this and similar
studies.

Sensitivity and specificity assessment

Paper I-11

WM tract degeneration has been demonstrated to be a striking feature of PSP-RS,
with abnormalities observed predominantly in the SCP, cerebellum, body of the CC,
CG, and premotor aspects of the SLF (Introduction thesis). The majority of these
WM tracts show greater degeneration in PSP-RS compared with PD and MSA-P.

Little data are currently available on the diagnostic utility of DTI measures, although
the CC (Ito, Makino et al. 2008) and (Agosta, Galantucci et al. 2014) show high
sensitivity and specificity in differentiating PSP-RS and PD. In Paper I we obtained
moderate sensitivity and specificity (around 80%) for MD in the anterior CC in the
differential diagnosis of PD from PSP. Ito et al. had compatible with our results: in
differentiating PSP from PD, evaluation of FA in the prefrontal CC had 85.7%
sensitivity, 65.5% specificity and 69.4% accuracy (Ito, Makino et al. 2008).
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The diagnostic value of DTI measures to differentiate PSP-RS and MSA-P is
unclear (Whitwell, Hoglinger et al. 2017). In Paper II when using the MD in the
midbrain, DRTT and thalamus we found that it could differentiate PSP from PD and
MSA-P with 77-92% sensitivity and specificity (Table 4, Paper II). Additionally,
we could validate these results in two cohorts using two different scanners (Paper
II), constituting a strong point of this paper.

In summary, DTI abnormalities are striking in PSP-RS, compared to PD and MSA,
with abnormalities observed predominantly in the SCP, cerebellum, body of the CC,
CG, and premotor aspects of the SLF. Our data is limited for variant PSP syndromes
with presentations other than PSP-RS. More other, data are needed on the utility of
DTI measures in autopsy-confirmed PSP. In according to MDS criteria, only DTI
of SCP fulfill the low level of reliability and therefore have the potential to be useful
diagnostic biomarkers (Table 3 in Whitwell at al.) (Whitwell, Hoglinger et al. 2017).
The issue of whether DTI measurements can be translated into clinical practice is
also unclear, because there is little standardization of methods across studies and no
established diagnostic cut points for these measurements.

Paper 11T

We obtained low sensitivity and specificity for DKI measures (around 60%) in the
differential diagnosis of PD from HC. The results of this study deviates from Wang
et al. (Wang, Lin et al. 2011) showed higher sensitivity and specificity of MK in
putamen (around 88%) in the differential diagnosis of PD from HC. Compared to
Wang et al., we also investigated patients with PSP and MSA and compared DKI
values to the ones obtained in the PD group (Table 5, Paper I1I). Only FA and MK
of putamen seem to be specifically changed in PD. All of the other changes observed
in PD were also found to be changed in PSP and MSA in the same direction,
constituting a strong point of this paper.

Compared to Wang et al. that demonstrated high sensitivity and specificity of MK
in the SN (around 80-100%) (Wang, Yang et al. 2015), we could confirm the strong
impact of the low SNR on the artificial changes in FA, MD and MK in the SN, red
nucleus, globus pallidus, and midbrain. The SNR was approximately 50% of that in
the thalamus, and 25-35% of that in WM (S1 File, S1 Figure Paper III). Thus the
artificial changes in FA, MD and MK in basal ganglia most probably refer mostly
to iron accumulation in these iron-rich structures than to gliosis. As such, for
accurate quantification of basal ganglia by dMRI one should achieve a sufficient
SNR.

In summary, the low sensitivity and specificity of DKI measurements need to be
taken into account when interpreting the study results.
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Paper V

When comparing PSP to PD, we find a diagnostic performance with sensitivity 91%
and specificity 97% in the SN, sensitivity 100% and specificity 91% in the red
nucleus, and sensitivity 91% and specificity 90% in the dentate nucleus. The
diagnostic performance is increased when including susceptibility levels from all
studied regions in discriminant analyses where we have shown a sensitivity of 100%
and specificity of 97% using LOOCV, for differentiating PSP from PD.

In summary, we find these levels of diagnostic performance impressive and
reviewing literature we find that these results are comparable to the performance of
midbrain-pons area and MRPI measurements (Whitwell, Hoglinger et al. 2017).
Combining morphological analyses such as the MRPI with QSM to potentially
increase the diagnostic accuracy even further is an interesting direction for future
studies.

General discussion

Expert examination is a fundament in diagnosis of PD in according to the MDS
Clinical Diagnostic Criteria for Parkinson’s disease (MDS-PD Criteria) (Postuma,
Berg et al. 2015). The MDS criteria were designed to be broadly applicable without
need for ancillary diagnostic testing (Postuma, Berg et al. 2015). Nonetheless, in
certain contexts, such as other pathologies causing neurodegenerative or secondary
parkinsonism (MSA, PSP, subcortical arteriosclerotic encephalopathy, and so
forth), or in the absence of a true progressive parkinsonian disorder (essential
tremor, dystonic tremor, and so forth) ancillary testing may be necessary to resolve
uncertain cases. Such diagnostic biomarkers must have 80% specificity or more for
the differential diagnosis of parkinsonism (compared with gold-standard clinical or
clinico-pathologic diagnosis) (Postuma, Berg et al. 2015). In this thesis we have
studied how advanced MRI techniques can improve differential diagnosis of
parkinsonian syndromes and serve as candidate biomarkers, facilitating diagnosis
and used for monitoring of disease progression.

Cross-sectional studies

In Papers I-IV we cover several aspects of the application of dMRI in the
diagnosis/differential diagnosis of parkinsonism. By using manual ROI and TBSS
analysis of WM and GM in PD we observed that dMRI could not be used in
isolation, because of the low specificity.

Most studies on humans, including Papers I-IV in the present thesis, show nigral
MD to be unaltered in PD (Vaillancourt, Spraker et al. 2009, Peran, Cherubini et al.
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2010, Du, Lewis et al. 2011, Zhan, Kang et al. 2012). In a systematic review and
meta-analysis of Cochrane and Ebmeier (Cochrane and Ebmeier 2013) of a total of
21 studies, 9 studies measured FA in the SN. All except 1 found a reduction in FA
in comparison with HC. The reduction was statistically significant in 7. ES for the
reduction in FA pooled for the 9 ROI studies, with a total of 193 patients with PD
and 195 HC, showed a large mean ES (20.64, 95% confidence interval 20.86 to
20.42, p = .0001). One study in PD showed no correlation between FA in the SN
and nigrostriatal binding ratios of dopamine ligands (Harper 2011). Thus, the
evidence for decreased FA being related to degeneration of nigral dopamine neurons
in PD is unconvincing.

Nevertheless, elevated FA in SN can be explained by inflammation and gliosis
(Boska, Hasan et al. 2007, Van Camp, Blockx et al. 2009), where the infiltration of
gliotic cells creates a more directional diffusion but prevents an increase in MD.
Another explanation could be that the proportion of fibers in adjacent longitudinal
tracts relative to the shrinking nuclei, increases directionality (Lenfeldt, Larsson et
al. 2015). The variability between studies may also be due to subtle changes in ROIs
which may or may not include nigrosome 1 or Lewy bodies. Lenfeldt et al.
(Lenfeldt, Larsson et al. 2015) showed that FA is an incomplete measure of nigral
diffusion differences as it does not account for changes in diffusion directions. It is
unknown if nigral diffusion alterations in PD are solely related to magnitudes or if
distorted diffusion directions are also involved.

In the differential diagnosis, the most striking DWI (DTI is a specific type of
modelling of DWI datasets) changes are seen in PSP-RS, which shows elevated
ADC (MD in DTI) values in putamen, caudate, globus pallidus, midbrain, SCP, and
prefrontal and precentral WM (Seppi, Schocke et al. 2003, Nicoletti, Lodi et al.
2006, Paviour, Thornton et al. 2007, Nicoletti, Tonon et al. 2008, Tsukamoto,
Matsusue et al. 2012). PD patients, compared with PSP-RS, typically show lower
ADC values in the putamen, caudate nucleus, globus pallidus, SCP, and midbrain
(Seppi, Schocke et al. 2003, Nicoletti, Lodi et al. 2006, Tsukamoto, Matsusue et al.
2012, Prodoehl, Li et al. 2013) with one study obtaining high sensitivity (90%) and
specificity (100%) to differentiate PSP-RS from PD using values from the putamen
(Seppi, Schocke et al. 2003) and another obtaining 100% sensitivity and specificity
using the SCP (Nicoletti, Tonon et al. 2008). MSA4-P patients, compared with PSP-
RS, has lower ADC values in the caudate nucleus (Tsukamoto, Matsusue et al. 2012)
and SCP (Nicoletti, Tonon et al. 2008, Tsukamoto, Matsusue et al. 2012) but higher
values in the MCP (Paviour, Thornton et al. 2007, Wadia, Howard et al. 2013),
cerebellum (Nicoletti, Rizzo et al. 2013), and putamen (Baudrexel, Seifried et al.
2014). Sensitivity and specificity values for differentiating PSP-RS from MSA-P
are high using DWI of the SCP (sensitivity, 96.4%; specificity, 93.3%103).
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WM tract degeneration in parkinsonism has been demonstrated to be prominent
feature in PSP-RS. In PSP-RS, abnormalities were observed mostly in the SCP,
cerebellum, body of the CC, CG, WM, the thalamus, and premotor aspects of the
SLF (Erbetta, Mandelli et al. 2009, Knake, Belke et al. 2010, Wang, Wai et al. 2010,
Canu, Agosta et al. 2011, Whitwell, Avula et al. 2011, Whitwell, Master et al. 2011,
Saini, Bagepally et al. 2012, Whitwell, Xu et al. 2012, Tessitore, Giordano et al.
2014, Worker, Blain et al. 2014, Meijer, van Rumund et al. 2015, Piattella,
Upadhyay et al. 2015, Surova, Nilsson et al. 2015). The majority of these WM tracts
show greater degeneration in PSP-RS compared with PD (Blain, Barker et al. 2006,
Erbetta, Mandelli et al. 2009, Agosta, Galantucci et al. 2014, Worker, Blain et al.
2014, Surova, Nilsson et al. 2015) and MSA-P (Blain, Barker et al. 2006, Worker,
Blain et al. 2014, Surova, Nilsson et al. 2015). Little data are currently available on
the diagnostic utility of DTI measures, although the CC (Ito, Makino et al. 2008)
and SCP (Agosta, Galantucci et al. 2014) show high sensitivity and specificity in
differentiating PSP-RS and PD. Thus, DTI measures in PSP-RS have the potential
to be useful diagnostic biomarkers (Whitwell, Hoglinger et al. 2017).

The diagnostic value of DTI measures to differentiate PSP-RS and MSA-P is
unclear. Moreover, data are needed on the DTI measures in autopsy-confirmed PSP,
PD, and MSA.

We did not find any clear diagnostic utility of DKI analysis of GM when identifying
PD. Our finding deviate from Wang et al. (Wang, Lin et al. 2011), as mentioned
above. Further, Kamagata et al. showed reduced MK in the frontal, parietal,
occipital, right temporal WM, posterior corona radiata and SLF in a PD group
compared with a control group when using TBSS (Kamagata, Tomiyama et al.
2014). These changes were not observed in Papers II1I-1V. However, the PD patients
in the present study had slightly shorter disease duration, which could explain these
discrepancies. Considered together, the results might suggest that alterations of MK
in GM and WM probably might not improve the diagnostic work-up of early PD.
However, such alterations may be related to the disease severity of PD since we
found that MK of putamen in PD patients correlate with disease duration and
cognitive performance. Future longitudinal studies are needed to improve sensitivity
and specificity (>80%) of DKI for the clinical diagnosis of PD at the individual
level, the utility for early clinical PD diagnosis, when patients have mild or
nonspecific symptoms and signs before they meet clinical criteria for the PD.
Another issue to consider when determining the value of DKI biomarkers in PD is
how well the DKI would translate into clinical practice in PD. Ideally they should
be relatively inexpensive, convenient, safe, widely available, and comparable across
different centers.

There are three main shortcomings in DTI/DKI studies parkinsonism. 7o begin,

there are differences in data acquisition. The interplay between selected image
acquisition parameters and factors including SNR (Paper III Supplement
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Supplemental Methods), image resolution, and image distortion influences the
accuracy of the diffusion tensor estimation and thus the results derived. Next, ROI-
based analysis can fail to detect important differences outside of the selected regions
and their definition may be subject to user bias. Voxel-based analysis techniques,
conversely, can be biased toward false positive errors due to multiple comparisons
since they essentially perform voxel-by-voxel statistical comparisons throughout
the whole brain (Vaillancourt, Spraker et al. 2009, Zhang, Yu et al. 2011). Issues
with smoothing and spatial normalization may lead to inaccuracies. Lastly, in all
studies so far clinical diagnostic criteria were used for patient selection without
neuropathological verification thus misdiagnosis cannot be excluded. The stage of
a patient’s disease, either early or advanced, may influence DTI findings.

In summary, whether IMRI measurements can be translated into clinical practice is
unclear, because there is little standardization of methods across studies and no
established diagnostic cutoff points for these measurements (Whitwell, Hoglinger
et al. 2017). Today DTI measures in parkinsonism have the potential to be useful
diagnostic biomarkers only in PSP-RS (Whitwell, Hoglinger et al. 2017), especially
in cerebral WM studies. Our results further high-light this fact. Interpretation of the
DTI/DKI alterations in parkinsonism in terms of their underlying microstructural
origins in GM is difficult. To fully understand FA alterations in SN, animal models
of reduced cell number in SN are not enough, as there are contradictory conclusions
on how FA reacts to this reduction (Boska, Hasan et al. 2007, Van Camp, Blockx et
al. 2009). Future studies must establish what diffusion measures mean
morphologically in GM, before we can explain the opposite observations made in
SN in parkinsonism (Lenfeldt, Larsson et al. 2015).

Longitudinal study

Because of the onset and progression of symptoms in PD reflect the involvement of
successively larger areas of the brain, it is crucial to include both baseline and
follow-up data. Our longitudinal two-year DKI study (Paper IV) of a relatively large
cohort of PD patients provides evidence that DKI can be used to detect disease
progression in PD patients. To our knowledge, today there are no DKI study in
parkinsonism. Longitudinal DTI studies in PD have so far reported inconclusive
results: both increased and decreased FA in the SN, and also increased MD in the
SN, thalamus, midbrain, frontal WM (Table 7). The results of the current DKI study
deviates from previous DTI longitudinal reports (Rossi, Ruottinen et al. 2014,
Lenfeldt, Larsson et al. 2015, Ofori, Pasternak et al. 2015, Chan, Ng et al. 2016,
Loane, Politis et al. 2016, Zhang, Wu et al. 2016) (Table 7).
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Table 7
Longitudinal DTI studies in PD.

First author Year Comparisons Method Main results

Rossi(Rossi, 2014 25PD vs 19 R%, T2 DWI, Tendency to decreasing FA in the
Ruottinen et al. HC SWI TBSS genu of corpus callosum and

2014) bilaterally in corona radiata in PD.
Lenfedt(Lenfeldt, 2015 122 PD vs 34 DTI Increased FA in the substantia nigra
Larsson et al. 2015) HC in PD. The left middle cerebellar

peduncle had increased FA and AD
and decreased MD and RD
compared to the right in PD.

Ofori(Ofori, 2015 19 PD vs 25 DTI free- Free-water diffusion increased in SN
Pasternak et al. HC water in PD

2015)

Chan(Chan, Ng et 2016 46 PD DTI Increased MD in all brain regions,
al. 2016) decreased FA in frontal WM, and

increased FA in posterior putamen,
thalamus, SN in PD

Loane(Loane, 2016 14 PD vs 18 DTI Decreased FA in the SN in PD
Politis et al. 2016) HC

Zhang(Zhang, Wu 2016 122 PD vs 50 Multicenter Decreased FA, increased Dr and Da
et al. 2016) HC DTI in SN, midbrain, thalamus in PD

DTI, Diffusion Tensor Imaging; HC, healthy controls; Dr, radial diffusivity; Da, axial diffusivity; PD, Parkinson’s
disease; SN, substantia nigra; SWI, Susceptibility weighted imaging; TBSS, tract based spatial statistics analysis;
DWI, diffusional weighted imaging.

Overall, studies have previously detected an alteration in FA in SN in patients with
PD (Lenfeldt, Larsson et al. 2015, Loane, Politis et al. 2016, Zhang, Wu et al. 2016).
There were differences in the ROIs studied and the acquisition and analysis
characteristics of the studies. Most intriguing is the study of Zhang et al. (Zhang,
Wu et al. 2016) that in one year’s DTI study demonstrated reduced FA in the SN
with 3.6 £1.4% per year from baseline, and increased Dr and Da in the thalamus
(with 8.0£2.9% per year and 4.0 £ 1.5% per year, respectively). These numbers are
extremely large and most probably are driven by differences in technical
characteristics of dMRI in different centres (16 US sites, 5 European, 1 Australian).
We suppose that standardized protocol of dMRI studies will minimize the interplay
between selected image acquisition parameters and factors including SNR, image
resolution, and image distortion. Moreover, upgrades in software (MR scanner)
should be taken into account in longitudinal dMRI studies, unlike in cross-sectional
studies. Our experience indicate that the measurement of diffusion parameters can
be influenced by changing MR scanner and study results corrected accordingly.

In summary, as has been addressed above DKI has potential to show disease
progression in PD. However, the longitudinal changes are modest and need to be
reproduced in other cohorts. Further work relating these imaging biomarkers to
histopathologic findings especially at early stages in disease is required to
understand fully the pathologic processes. Lastly, imaging findings related to
changing MR scanner might fluctuate from baseline to follow-up imaging sessions.
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Those longitudinal changes in imaging findings lead to bias that are inherent in the
imaging process and thus should be taken into consideration.

Applicability of Clinical results

Neuroimaging studies in this thesis has improved our understanding of the
neurobiology of the PSP but has not given many confirmed diagnostic biomarkers.
Not all PSP can be identified. Nevertheless DTI/DTT measures could prove to be
valuable in the differential diagnosis of PSP from PD. Findings concerning other
forms of PSP than PSP-RS are lacking here. Although more work is needed to
provide and validate standardized measures of the kind that could be used in
diagnostic criteria. DKI measures are sensitive to parkinsonism, but specificity is
low, and thus they are less useful in ruling out other parkinsonian syndromes. More
work is required to assess the value of DTI and DKI measures in PSP and in autopsy-
confirmed cases to determine whether they could be useful valid biomarkers.
Capturing the PD, PSP and MSA in its earliest phase, do MRI and then follow
patients over time to see what kind of disease they will develop will also be critical
for developing well-validated biomarkers.

SWI/QSM imaging techniques is exciting, but more is needed to truly understand
the biological basis SWI signal in PSP and MSA. According to our results in Paper
V, susceptibility in deep nuclei seems promising in the diagnostics of APS,
especially in PSP were both high sensitivity and specificity was achieved.
Correlations between susceptibility and disease severity within groups might
indicate a possibility that QSM could be valuable in monitoring disease progression
and in clinical trials. However, these are early days of SWI/QSM imaging in APS,
and we expect our understanding of this biomarkers to increase other the coming
years.
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Conclusions

Diffusion tensor imaging and tractography in PSP

e DTT analysis of diffusion parameters along WM tracts can demonstrate
disease-specific regional WM changes in PSP.

e The anterior portion of the CC was identified as a promising region for
detection of neurodegenerative changes in patients with PSP, as well as for
differential diagnosis between PSP and PD.

e Patients with PSP, but not PD or MSA-P, exhibit signs of structural
abnormalities in the thalamus and in the DRTT.

e However, future prospective and longitudinal studies are needed to evaluate
whether dMRI can be used to reliably detect PSP during the early stages of
the disease, and whether all different forms can be detected with equally
high accuracy.

Diffusion kurtosis imaging in PD

e PD patients exhibit microstructural changes in the putamen, the thalamus,
and the SLF, which are associated with worse disease severity.

e DKI changes are not sufficiently specific to improve the diagnostic work-
up of PD.
Neurite density imaging
e  We could not demonstrate any significant differences between PD patients
and controls using neurite density imaging.
Longitudinal diffusion kurtosis imaging

e  The study indicates that in PD microstructural changes in the putamen occur
selectively over a two-year period and can be detected with DKI. However,
the longitudinal changes are modest and need to be reproduced in other
cohorts.
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Susceptibility weighted imaging

72

We showed different patterns of brain susceptibility between PD, MSA and
PSP, reflecting underlying regional differences in pathological processes
and brain iron accumulation.

We believe that these differences in susceptibility, particularly in the
mesencephalic region, could be of great use in the diagnostics of
parkinsonism, especially when faced with the diagnostic challenge of
separating PSP from other parkinsonian disorders and healthy individuals.

Today QSM cannot be used clinically because of the problem of advanced
software where the terms of use allow for research and not clinical.



Future perspectives

A major challenge faces future dMRI studies is to improve sensitivity for all variants
PSP presentations, and achieving high specificity versus alternative diagnoses such
as PD, MSA with predominant parkinsonism (MSA-P), CBD or alternative
proteinopathies. The later will ideally require the inclusion of all patients with
parkinsonism to the prospective study with dMRI. There is also a need to optimize
the design of dMRI studies in PD, such as better characterization (Dubois,
Slachevsky et al. 2000, Goldman, Holden et al. 2015, Biundo, Weis et al. 2016) and
selection of groups of patients with PD that would provide more homogeneous
groups for investigations.

Also, to further investigate the temporal changes in dMRI parameters, further
longitudinal studies over a long period of time are needed. These kind of studies
will improve group-level dMRI findings and could probably be translated into
useful biomarkers.

The next step is to demonstrate useful sensitivity and specificity of dMRI (>80%)
for the clinical diagnosis at the individual patient level (Whitwell, Hoglinger et al.
2017). More studies are needed to improve specificity to the dMRI results, like the
latest approach of our group (Szczepankiewicz, Lasic et al. 2015, Lampinen,
Szczepankiewicz et al. 2017). Specifically, it was suggested that the micro FA
(uFA) and order parameter (OP) may complement FA by independently quantifying
the microscopic anisotropy and the level of orientation coherence. The interpretation
of dMRI parameters should also be informed and substantiated by independent
validation.

Paper V presented promising results about QSM as a possible objective diagnostic
tool for differential diagnosis between PD, PSP and MSA. The predictive model
based on QSM measures should be repeated, confirmed and possibly modified
based on a larger patient cohort. Clinical applications of QSM are currently not
feasible because the available software (such as STISuite as we used, or MEDI, etc.)
have terms of use that allow for research only. Proper implementation must fulfil
requirements for Conformité Européenne (CE) marking and have an interface that
is compatible with existing picture archiving and communication systems (PACS).
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Abstract

Purpose: The aim of the study was to determine the usefulness of diffusion tensor tractography (DTT) in parkinsonian
disorders using a recently developed method for normalization of diffusion data and tract size along white matter tracts.
Furthermore, the use of DTT in selected white matter tracts for differential diagnosis was assessed.

Methods: We quantified global and regional diffusion parameters in major white matter tracts in patients with multiple
system atrophy (MSA), progressive nuclear palsy (PSP), idiopathic Parkinson’s disease (IPD) and healthy controls). Diffusion
tensor imaging data sets with whole brain coverage were acquired at 3 T using 48 diffusion encoding directions and a voxel
size of 2x2x2 mm?>. DTT of the corpus callosum (CC), cingulum (CG), corticospinal tract (CST) and middle cerebellar
peduncles (MCP) was performed using multiple regions of interest. Regional evaluation comprised projection of fractional
anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) and the apparent area coefficient (AAC) onto a calculated mean
tract and extraction of their values along each structure.

Results: There were significant changes of global DTT parameters in the CST (MSA and PSP), CC (PSP) and CG (PSP).
Consistent tract-specific variations in DTT parameters could be seen along each tract in the different patient groups and
controls. Regional analysis demonstrated significant changes in the anterior CC (MD, RD and FA), CST (MD) and CG (AAC) of
patients with PSP compared to controls. Increased MD in CC and CST, as well as decreased AAC in CG, was correlated with a
diagnosis of PSP compared to IPD.

Conclusions: DTT can be used for demonstrating disease-specific regional white matter changes in parkinsonian disorders.
The anterior portion of the CC was identified as a promising region for detection of neurodegenerative changes in patients
with PSP, as well as for differential diagnosis between PSP and IPD.
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Introduction with calculation of the fractional anisotropy (FA) and mean
. . . . . diffusivity (MD) have been used in the diagnostic evaluation of
Idiopathic Parkinson’s disease (IPD), progressive supranuclear IPD, PSP and MSA [4-10]. Measurement of MD in basal ganglia
palsy (PSP) and multiple system atrophy (MSA), are the most structures can differentiate between IPD and MSA/PSP, while FA
common neurodegenerative disease entities in what is often called and MD values within specific white matter tracts can be helpful in

parkinsonian disorders. Outside specialized centers and in the differentiating PSP and the parkinsonian variant of MSA (MSA-P)
carly stages of the diseases, clinical differential diagnosis can often

be difficult because of similarity of symptoms and lack of
diagnostic markers. Several imaging methods have been shown
to be of benefit in the differential diagnosis of different

from both each other and from IPD [11-19]. Few studies have
been performed using diffusion tensor tractography (DTT) [20] in
parkinsonian disorders. In a pilot study, we have previously shown
that disease-specific degenerative changes can be demonstrated by
parkinsonian disorders [1]. Diffusion tensor imaging (DTI) [2-3] DTT in MSA and PSP [4] and some of these findings have
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recently been confirmed [21-22]. However, global measurements
of diffusion parameters in whole white matter tracts might
overlook regional changes along a tract [23-24].

The aim of the present study was to investigate diffusion
properties in major white matter tracts of patients with different
parkinsonian disorders, employing DTT with an alternative
processing scheme to be able to investigate both global and
regional changes in larger nerve tracts [25-32]. We focused on
three conventional parameters: FA, MD and radial diffusivity
(RD) as well as a new measure of tract cross-sectional surface area
- the apparent area coefficient (AAC) [30]. We demonstrate both
tract-specific and disease-specific variations in DTT parameters
along white matter tracts, which might form a basis for future
studies of differential diagnosis and disease monitoring in
parkinsonian disorders.

Materials and Methods

Ethics Statement

The Ethics Committee of Lund University approved this study.
All study participants gave written consent for participation in the
study, which was performed in accordance with the provisions of
the Helsinki Declaration.

Subjects

The study included 54 subjects: thirty-eight patients presenting
parkinsonian syndromes and sixteen healthy controls. Patients
were recruited from the Neurology and Memory Clinics at Skane
University Hospital and Landskrona Hospital, Sweden. Patients
with a clinical diagnosis of probable IPD (n = 10), PSP (n = 16) and
MSA-P (n=12) according to established criteria [33-35] were
included in the study. Clinical diagnoses were made by two
neurologists experienced in parkinsonian disorders (C.N. and B.E).
Out of the 16 patients with a diagnosis of probable PSP, all
presented gradually progressive disorders with an age of onset 40
years or older, symmetry of symptoms (rigidity, bradykinesia); all
patients presented both gaze palsy and prominent postural
instability with falls within the first year of disease onset, and no
response to dopaminergic drugs. All patients with MSA-P showed
progressive akinesia and rigidity, urinary incontinence or incom-
plete bladder emptying after 1 year of disease onset as well as
orthostatic hypotension, with no patients showing falls or gaze
palsy in the first year of the disease. All patients with IPD showed
good clinical improvement after administration of levodopa in
respect to baseline conditions. Healthy controls matched for age
and gender were recruited from the Swedish population registry.
All healthy controls had a normal neurological examination and
structural brain  MRI, with no history of neurological or
psychiatric discase.

Data Acquisition

A 3 T Philips MR scanner, equipped with an eight-channel
head coil, was used for the study. DTI was performed using a
single-shot EPI sequence with diffusion encoding in 48 directions
(b values 0 and 800 s/mm?) [36]. A b-value of 800 s/mm? was
selected to shorten the acquisition times. While the most
commonly used b-value is 1000 s/mm?, DTT is expected to work
well with b-values at least in the range b=700-1200 s/mm>.
However, lower b-values are expected to result in slightly higher
values of the mean diffusivity [37]. The reconstructed voxel size
was 2x2x2 mm®, and 60 slices were acquired. In order to shorten
acquisition time and reduce susceptibility distortions, a SENSE
factor of 2.5 was applied in the phase-encoding direction
(anterior—posterior). The acquisition time for the DTI sequence
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was 6 min 49 s. The axial slices in the DTI volume were aligned
with the posterior outline of the cranial brain stem.

Data Processing and Fibre Tracking

Subject motion and eddy-current correction was performed in
Elastix [38], as implemented in ExploreDTI [28], taking the b-
matrix reorientation into account [39]. Whole-brain tractography
was generated using ExploreDTI [28], with FA and angular
threshold values of 0.2 and 30°, respectively. Multiple regions-of-
interest (ROIs) were delineated on the directionally color-coded
FA images, in order to extract three bilateral fibre structures: the
middle cerebellar peduncle (MCP), the cingulum (CG), and the
corticospinal tract (CST). In addition, the mid-sagittal segment
(14 mm) of the corpus callosum (CC) was extracted. In addition to
these four structures, the SCP and the ICP were also identified
with the help of published DTI brain atlases [40-41]. However,
the variability in tractography outcome of SCP and ICP was too
high to permit any reliable analysis. As such, these structures were
not considered for further investigation in this study.

Tractography of the frontal and parietal cingulum (CG) on each
side was performed using colour-coded FA-maps. First, two ROIs
were placed in the transversal plane to select the anterior part of
the CG, which runs parallel to the genu of the corpus callosum;
the most rostral part was not included. Then four ROIs were
placed in the coronal plane at equal intervals along the superior
part of the CG. Finally, two ROIs were placed in the transversal
plane defining the posterior CG where it arches around the
splenium of the CC. The descending part of the CG was not
included. The data for CG were excluded in two patients with
MSA-P and one patient with PSP due to incomplete tracking.

For the CST, we extracted the supratentorial portion of CST
only, in order to limit variability caused by tracking over long
distances [32]. For this purpose, three ROIs used as AND-gates in
the tractography were placed in the axial plane, including the
posterior limb of the internal capsule, centrum semiovale and the
ipsilateral precentral gyrus (primary motor cortex), respectively.
The CC was manually subdivided into five areas, according to
Hofer’s scheme [42], although we treated CC3 and CC4 as one
segment in the analysis. The anterior part of CC was defined as
CC1-CC2, posterior — CC3-CC5. For the MCP two ROIs were
placed: at the level of the pontine crossing fibres and at the level of
the deep nuclei.

In order to assess the variation of FA, MD, and RD along the
white matter structures, the parameters were projected onto a
calculated mean tract, which is a single tract that resembles the
major features of each individual white matter structure in 3D
space. This enables the evaluation of diffusion parameters as a
function of position along the tract. The normalization was based
on the position of the explicit landmarks. The method has been
used previously [28,30]. In principle, the method and workflow
corresponds to the framework presented by Colby et al. [24],
although no explicit tract resampling was performed. In addition
to the diffusion parameters, we also calculated the cross-sectional
area of the tract as a function of position, here denoted the
apparent area coefficient (AAC) [30]. The value of the AAC was
calculated from the track points passing through cross-sections of
the tract, as shown in Fig. 1. FA, MD, RD and AAC will be
referred to as DTT parameters. The CC was not analyzed in
regard to AAC due to geometric limitations in the quantification of
the structure’s apparent area along the mean track. Since we
wanted to evaluate variations along the CC in an anterior-
posterior direction the mean track of the CC was constructed
differently than in the other pathways, i.e. with an orientation
perpendicular to the fibre orientation. Thereby, the AAC, defined
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parts of the subareas contributed to the total area coefficient.
doi:10.1371/journal.pone.0066022.g001

as the cross-sectional area of the tract in a plane with a normal
given by the direction of the mean track, was not defined.

The mean values of FA, MD, RD and AAC from the tracts of
the right and left hemisphere were treated as independent
variables. In the cases where significant differences were found
they were then included into a binary logistic regression analysis.
This procedure was used as parkinsonian disorders affect both
hemispheres, often asymmetrically, although there may be a
similar extent of atrophy bilaterally in later stages. DTT
parameters for the different groups were plotted as a function of
the position along the mean track, with the distances between the
anatomical landmarks scaled according to their average relative
distance.

Statistical Analysis

Statistical analysis was performed with SPSS Statistics 20 for
Windows (IBM Corporation, Somers, NY, USA). Differences
between groups in demographic and clinical categorical variables
were analyzed by Fisher’s Exact test. The Kruskall-Wallis test was
used to compare average FA, MD, RD and AAC values in whole
tracts between the PSP, MSA-P, IPD and control groups. Where
significant differences were found, group comparisons were
performed using the Mann-Whitney U-test. An adjustment for
multiple comparisons between the 4 control/patient categories (i.c.
6 comparisons) was made, leading to an adjusted significance level
of P=0.008 using Bonferroni correction. The average median
values for the DTI parameters from the corresponding whole
tracts of both hemispheres were reported. For statistical evaluation
of differences in regional diffusion data between diagnostic
subgroups, Mann-Whitney U-test was performed for each point

PLOS ONE | www.plosone.org

along each white matter tract. Comparisons were made between
controls and the respective disease groups at a significance level of
P<0.05. To further study the regional variation within the CC,
MD and FA in the anterior and posterior parts of CC were
compared. Bee swarm box plots were applied to display the data
graphically.

To study the ability of DTT measurements to distinguish IPD
from PSP, univariate binary logistic regression analysis was
performed with five diffusion parameter values that were
significantly different between PSP and IPD, based on the results
of Mann-Whitney U-test. All of these five models of binary logistic
regression analysis were adjusted for age and sex. The sensitivity,
specificity and the optimal cutoff level of DTT values chosen by the
models were calculated with receiver operator characteristic curve
analysis (ROC), as a measure of the usefulness of DT'T in selected
tracts as a diagnostic tool for individual cases.

Results

Demographic and clinical data of patients and controls are
reported in Table 1. There were no significant differences in age,
gender ratio or disease duration between the IPD, MSA-P and
PSP groups.

Analysis of global values of DTT parameters was made by
comparing median values in whole white matter tracts for the
different disease groups. The most prominent differences were
detected in FA, MD and RD values in the CC in patients with PSP
compared with both IPD and controls. In addition, comparing
PSP patients to IPD showed a significantly lower AAC in the CG
and an increase of MD in the CST. There were no significant
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Table 1. Demographic data and clinical diagnosis.

Diffusion Changes in Parkinsonian Disorders

CTR (n=16) IPD (n=10) MSA-P (n=12) PSP (n=16) P
Sex female:male 79 4:6 84 97 0.583%
Age (years) 67 (63-73) 68 (59-70) 63 (56-75) 68 (65-72) 0.385"
Disease duration(years) = 4.5 (2.0-7.5) 3.0 (2.2-5.0) 3.5 (2.2-4.0) 0.273°

indicate 25-75 percentiles.
P values refer to Fisher's Exact test,

doi:10.1371/journal.pone.0066022.t001

differences between PSP and MSA-P patients. We also found
significantly higher AAC in the CG of patients with IPD compared
to controls. MSA patients showed a significantly higher RD in the
CST compared to IPD. There was an increase in MD and
decrease in AAC in the MCP in MSA compared to IPD patients,
which did not reach statistical significance. The median values of
diffusion data and AAC for the whole tracts are summarized in
Table 2.

Concerning the regional analysis along white matter tracts,
there were consistent variations of the DTT parameters along
each tract, as determined by visual inspection, which were very
similar in the different patient groups and controls. Each tract and
parameter had its characteristic “2D-profile” along its length

There were no significant differences in demographic data between the controls and the different disease groups. All values expressed as medians, values in parenthesis

5P values refer to Kruskal-Wallis test, where controls were excluded from the group comparisons of disease duration. IPD, idiopathic Parkinson’s disease; PSP,
progressive supranuclear palsy; MSA-P, multiple system atrophy, parkinsonian variant; CTR, healthy controls.

groups (see below and Fig. 2). For all parameters, there were
differences in FA and RD values between the left and right CG
(Fig. 3) and, to a lesser degree, for MD in the CST (data not
shown), which were consistent throughout the control and patient
groups (Fig. 3). Although all statistically significant differences
between controls and disease groups are depicted in Fig. 2, only
continuous changes encompassing more than 2 cm along a tract
were considered of significance for further analysis. There was a
trend towards lower AAC in both the MSA and PSP groups in
MCP, which was not significant (Fig. 2). In PSP, significant
changes were seen for AAC in the CG and for MD in the CST.
However, the most striking finding was a marked increase in MD
and RD, and a corresponding reduction of FA, in the anterior and

(Fig. 2). The exception was the diffusion values from CC in the central parts of the CC in PSP.

PSP group that differed significantly in shape from the other

Table 2. DTT parameters in white matter tracts.

Group

Tract Parameter CTR IPD MSA-P PSP

G FA 0.50 (0.49-0.51) 0.51 (0.48-0.54) 0.47 (0.43-0.50) 0.46 (0.44-0.50)
MD 0.83 (0.82-0.83) 0.83 (0.80-0.88) 0.84 (0.82-0.90) 0.85 (0.82-0.89)
RD 0.58 (0.56-0.59) 0.57 (0.53-0.61) 0.62 (0.56-0.65) 0.62 (0.58-0.66)
AAC 261 (251-2.78) 2.96° (2.72-3.04) 2.81 (2.36-2.99) 244" (2.27-2.72)

csT FA 0.54 (0.53-0.55) 0.54 (0.54-0.57) 0.53 (0.51-0.54) 0.55 (0.53-0.58)
MD 0.79 (0.78-0.82) 0.79 (0.77-0.80) 0.82 (0.80-0.84) 0.84¢ (0.81-0.87)
RD 0.52 (0.50-0.54) 0.52 (0.49-053) 0.55¢ (0.53-0.57) 0.55 (0.51-0.58)
AAC 3.92 (3.59-4.70) 3.84 (3.60-4.22) 4.07 (3.82-4.61) 4.07 (3.59-4.47)

McCP FA 0.61 (0.59-0.63) 0.59 (0.58-0.60) 0.58 (0.54-0.63) 0.59 (0.58-0.61)
MD 0.74 (0.70-0.76) 0.72 (0.71-0.80) 0.80 (0.73-0.85) 0.77 (0.74-0.79)
RD 0.43 (0.41-0.47) 0.44 (0.43-0.50) 0.46 (0.44-0.56) 0.47 (0.43-0.50)
AAC 5.07 (4.77-5.27) 5.52 (4.92-5.69) 4.67 (4.38-5.27) 4.81 (4.41-5.14)

cC FA 0.63 (0.60-0.65) 0.65 (0.62-0.67) 0.62 (0.60-0.63) 0.56 (0.53-0.61)
MD 1.04 (0.99-1.10) 1.02 (0.96-1.07) 1.06 (1.02-1.13) 1.15%¢ (1.08-1.26)
RD 0.61 (0.56-0.69) 0.58 (0.52-0.64) 0.63 (0.59-0.69) 0.73% (0.65-0.87)

Fractional anisotropy (FA), mean and radial diffusivity (MD, RD, 10" —3 mm" 2/s) and apparent area coefficient (AAC) values in major white matter tracts. The medians of
diffusion parameters are presented. For paired structures (CG, cingulum, CST, corticospinal tract, MCP, middle cerebellar peduncles), all values are estimated medians
from the left and right tracts; values in parenthesis indicate 25-75 percentiles.

°CTR/PSP, P=0.008;

°IPD/PSP, P=0.002;

“CTR/IPD, P=0,002;

4IPD/MSA, P =0.007, Mann-Whitney U test.

€IPD/PSP, P<0.05, binary logistic regression analysis, age/sex adjusted. Abbreviations: IPD, idiopathic Parkinson's disease; PSP, progressive supranuclear palsy; MSA-P,
multiple system atrophy, parkinsonian variant; CTR, healthy controls.

doi:10.1371/journal.pone.0066022.t002
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Figure 2. Comparisons between diffusion parameters and apparent area coefficient (AAC) in patients with Parkinsons’s disease
(IPD - blue lines), multiple system atrophy (MSA - green lines), progressive supranuclear palsy (PSP - red lines) and controls (CTR -
black lines). The lines show the median of diffusion parameters as a function of distance. The colored area shows the 10-90% confidence interval of
the median in CTR. Panel A-C show mean diffusivity (MD), fractional anisotropy (FA), radial diffusivity (RD) and AAC in the cingulum, corticospinal
tract, middle cerebellar peduncles and the corpus callosum, respectively. Values for AAC could not be calculated for the corpus callosum (see
Methods). Positions with significant difference from controls (P<<0.05, Mann-Whitney U-test) along tracts are marked with horizontal bars placed just
above the x-axis, color-coded according to disease. Significant differences extending continuously for more than five mm along a tract were found for
AAC in the cingulum, MD in the corticospinal tract, and RD, MD and FA in the corpus callosum in PSP.

doi:10.1371/journal.pone.0066022.9g002

Based on the Mann-Whitney U-test, five models of univariate
binary logistic regression analysis were performed in order to test
the potential of using diffusion parameters for differential diagnosis
of IPD and PSP. AAC in the CG, MD in the CST, MD in the CC,
RD in the CC and FA in the CC were included in the models, see
Statistical analysis. A summary of the results is shown in Table 3,

PLOS ONE | www.plosone.org

with details of each comparison given below. Logistic regression
analysis confirmed that the AAC in the CG, the MD in CST and
the MD in the CC could significantly (P<<0.025) discriminate PSP
from IPD (Table 3). The sensitivity and specificity for all these
parameters, calculated using a ROC curve analysis, showed the
optimal cutoff levels (with an area under the ROC curve of 0.85—

June 2013 | Volume 8 | Issue 6 | e66022
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Figure 3. The plots show radial diffusivity (RD) and fractional anisotropy (FA) as functions of position along the cingulum (CG)
(upper panels) and corticospinal tract (CST) (lower panels) from the right and left hemispheres in controls. Measurements from the
right hemisphere are shown in blue and from the left side in red lines, respectively. The dashed and solid black lines represent the median value in
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the CST and 3-5 cm corresponds to the supracallosal part of the CST.
doi:10.1371/journal.pone.0066022.g003

0.88) to discriminate PSP from IPD with a sensitivity of 81-94%
and a specificity of 80%. This correctly classified 80-87% of PSP
and IPD subjects.

To further evaluate the differences in regional values of diffusion
parameters along white matter tracts demonstrated above,
diffusion parameters from the anterior and posterior part of CC
were compared separately. The MD in the anterior part of CC,
tested in the model of binary logistic regression, age and sex
adjusted, showed the same significant trend toward discrimination
of PSP and IPD as the MD in the whole CC. MD in the posterior
part of the CC did not reach significance in the binary logistic
regression model. Bee swarm box plots showed substantial overlap
between the different groups (Fig. 4). The controls also showed
large variation of diffusion parameter values.

PLOS ONE | www.plosone.org 6

Discussion

Diffusion tensor imaging has emerged as a powerful tool for
detecting early degenerative changes in both normal aging [43—
44] and neurodegenerative disease [45,46]. Studies have shown
that diffusion changes can be detected before atrophy or signal
changes can be seen on standard MRI sequences [46-47]. It is
therefore natural that DTI has been used to explore diffusion
changes also in parkinsonian disorders [48-50].

The first study that demonstrated diffusion changes in the
parkinsonian brain was Yoshikawa et al. [50], using a ROI-based
approach. They showed that by placing small ROIs along the
presumed position of the nigrostriatal tract, reduced ADC and
increased FA could be seen in both patients with IPD and PSP
compared to controls. DTT with manual placement of ROIs has
since then dominated and has been applied to both subcortical
nuclei and white matter tracts, as reviewed above. Although most
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ficant differences between PSP and IPD, P<<0,05, using binary logistic regression, adjusted for age and sex. There were no age/sex differences between IPD and PSP groups together with chosen MR parameters.

doi:10.1371/journal.pone.0066022.t003
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studies have focused on group differences between controls and
discase groups, there have been attempts to determine cut-off
values for diffusion parameters in specific structures that can aid in
the differential diagnosis between IPD and atypical parkinsonian
disorders such as MSA and PSP. While measurements of FA and
MD in the putamen in most cases can differentiate MSA and PSP
from IPD and controls [12,51], other studies have targeted the
middle and superior cerebellar peduncles to differentiate between
MSA and PSP [4,13,52].

Using DTT with a ROI-based approach is time-consuming and
has the additional disadvantage of only capturing a small part of a
white matter tract. With larger ROIs there is a risk that included
voxels might contain signal from adjacent tissue including other
tracts, nuclei or CSF, a problem which becomes even more
pronounced when investigating smaller white matter tracts [53]. In
addition, ROI-based approaches also result in loss of data on local
variations in diffusion parameters [23]. To address this issue some
studies have used tract-based spatial statistics (IBSS) for analysis of
DTI-data between groups [54-55]. TBSS captures regional
variations along white matter tracts which can be correlated to
clinical symptoms in comparisons between groups [55], but does
not allow for specific analysis of tracts in individual patients.

DTT allows for delineation and separate analysis of diffusion
parameters and structure in discrete white matter tracts
[24,27,28]. It has so far only been used in a limited number of
studies in parkinsonian disorders [1,4,21,23]. Although previous
studies have demonstrated regional variations along normal white
matter tracts as well as in neurodegenerative disease [23,32,55],
most studies to date have used the mean value of diffusion
parameters in the whole tract for analysis. In addition, a
quantitative measure of tract size has largely been lacking.

In this study, we applied a new approach for visualization and
quantitative evaluation of DTT parameters along white matter
tracts in patients with parkinsonian disorders as a function of
distance from specific anatomical landmarks [27,28,31]. The
procedure overcomes existing limitations of user-specified region
definition or full-brain registration. The tracking takes only a few
seconds on a standard PC and the whole process including ROI
specifications, DTT parameter calculation, tracking, and storing
fibres into a database takes a few minutes per subject. Our results
demonstrate that the method is highly reproducible and captures
known variations along specific white matter tracts. The difference
between the right and left cingulum shown here has previously
been demonstrated in healthy adults [56], as has variations along
the corticospinal tract [32]. It is interesting that these variations
change or disappear in PSP where the disease process often
involves both these pathways. The numerical values for FA and
MD in the whole tracts showed good agreement with published
data from normal individuals in the age group 40-65 years for
CG, CST and MCP [57]. Our present method of analysis seems
most suitable for analysis of larger white matter tracts. Diffusion
data from tractography of the SCP and ICP resulted in very large
variations in diffusion parameters precluding any further statistical
analysis. Current research in our group addresses the issues of
developing more advanced schemes for fibre tract alignment and
validation of fibre bundles obtained by tracking in comparison to
co-registered structural image data.

There are results from other studies, suggesting that the MCP
has the best diagnostic accuracy in discriminating MSA from IPD
and PSP [13]. Regional analysis in our study showed that DTT
parameters appeared to be changed along the entire or larger part
of the MCP (MD, RD and AAC) in MSA-P, compared to controls,
although the changes were non-significant. In fact, significant
differences were only found for the posterior MCP in patients with
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PSP. Degeneration of the olivopontocerebellar system, including
the pontine neurons and transverse fibres, is highly variable and

mostly less severe in MSA-P as compared to the cerebellar form of

MSA (MSA-C), which can explain the variation and overlap with
controls and other disease groups [58-60]. Our results to a certain
degree support that the pathological process affects the pons and
cerebellum also in MSA-P, but that the discriminatory potential
for differential diagnosis is limited.

The current study using DTT demonstrates that the CC is the
structure that best differentiates PSP from IPD and MSA, as has
previously been found in studies using DTI [6,7,12,21,54]. In
addition, our study indicates that the most prominent changes in
diffusion parameters compared to other parkinsonian disorders
occur in the anterior part of CC in PSP, in keeping with the well-

PLOS ONE | www.plosone.org

known involvement of the frontal lobes in this disease [54,61,62].
Interestingly, reduced FA values in the genu of CC has recently
been reported in patients with Parkinson’s disease with dementia
(PDD) and dementia with Lewy bodies (DLB) as well [63-64]. In
addition, Kamagata et al. demonstrated reduced FA in the
anterior CG of patients with PD [65], a finding which was not
reproduced in the present study.

We also found that MD values in the CST can help to
discriminate IPD and PSP. It is well established that CST can be
affected in PSP [4]. The use of AAC as a measure of tract diameter
appears to be a useful addition to DTT. Although this study was
mainly exploratory (hypothesis-generating), comparing diffusion
parameters at group level, we have also demonstrated significant
discriminatory power for differentiation of IPD and PSP using

June 2013 | Volume 8 | Issue 6 | e66022



AAC in CG as well as MD in CST and CC. These results should
be treated with caution considering the limited number of cases in
cach group, but may add useful information for future studies.

Measurement of DT'T parameters in whole white matter tracts
was sufficient for detecting clinically important differences between
patient groups, while regional analysis of diffusion data helped to
determine the location of the changes. Our results highlight the
need to consider differences in diffusion properties along major
white matter tracts and the possibility of asymmetry between the
left and right hemispheres both in patients and healthy controls.
The large degree of overlap in diffusion parameter values between
individuals limits the usefulness of the method as a diagnostic
biomarker on its own. However, DTT parameters could still be
used together with other clinical, biochemical and imaging
markers for diagnostic purposes. Large inter-individual differences
in clinical signs and biomarker values are common in neurode-
generative disease as well as in other biological systems. For this
reason even extreme outliers were included in the analysis. It is
important to note the large variation in diffusion parameter values
also in neurologically healthy elderly persons.

Several limitations of our study should be mentioned. First, the
relatively small number of patients limits generalization of the
findings. Moreover, positioning of the ROIs was performed
manually and errors could be introduced by limited intrarater
reliability. Also, statistical analysis within small ROIs including
only a few voxels might be very sensitive to partial volume effects,
limiting the method to the study of larger tracts. Although all
patients fulfilled clinical research criteria for diagnosis of their
respective disorder, they might still vary substantially in disease
stage, rate of progression and clinical symptoms. Additionally,
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none of the included subjects had their diagnosis confirmed by
autopsy. However, diagnosis of MSA and PSP by an experienced
clinician yields sensitivities of 88% and 84% (positive predictive
values of a clinical diagnosis of MSA and PSP in this study were 86
and 80%, respectively) [66]. Finally, we acknowledge that DTT is
not capable of unambiguously characterizing the white matter
microstructure in regions of complex fibre architecture [67-68]
and that more advanced diffusion approaches could be preferable
for reconstructing tract pathways [69-71]. Notwithstanding the
low specificity in assessing the cause of the observed diffusion
abnormalities [72], DTT may still exhibit a high sensitivity, which
has shown to be useful in several applications [73-74].

In summary, we have shown that DTT has the potential as a
tool for assessing pathway-specific abnormalities in parkinsonian
disorders on both an individual and group level. The ability to
visualize and quantify global and regional DTT parameters in
specific white matter tracts could improve differential diagnosis
and also help to explain the underlying anatomical mechanisms of
individual clinical phenotypes. Additional studies are required to
validate the research findings and to determine whether DTI/
DTT can detect diffusion changes in very early stages of
parkinsonian disorders.
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Abstract

Introduction The aim of this study is to identify disease-
specific changes of the thalamus, basal ganglia, pons, and mid-
brain in patients with progressive supranuclear palsy (PSP),
Parkinson’s disease (PD), and multiple system atrophy with
predominant parkinsonism (MSA-P) using diffusion tensor im-
aging and volumetric analysis.

Methods MRI diffusion and volumetric data were acquired in
a derivation of 30 controls and 8 patients with PSP and a
validation cohort comprised of controls (n=21) and patients
with PSP (n=27), PD (n=10), and MSA-P (n=11). Analysis
was performed using regions of interest (ROI), tract-based
spatial statistic (TBSS), and tractography and results com-
pared between diagnostic groups.

Results In the derivation cohort, we observed increased mean
diffusivity (MD) in the thalamus, superior cerebellar peduncle,
and the midbrain in PSP compared to controls. Furthermore,
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volumetric analysis showed reduced thalamic volumes in PSP.
In the validation cohort, the observations of increased MD were
replicated by ROI-based analysis and in the thalamus by TBSS-
based analysis. Such differences were not found for patients
with PD in any of the cohorts. Tractography of the
dentatorubrothalamic tract (DRTT) showed increased MD in
PSP patients from both cohorts compared to controls and in
the validation cohort in PSP compared to PD and MSA pa-
tients. Increased MD in the thalamus and along the DRTT
correlated with disease stage and motor function in PSP.
Conclusion Patients with PSP, but not PD or MSA-P, exhibit
signs of structural abnormalities in the thalamus and in the
DRTT. These changes are associated with disease stage and
impaired motor function.

Keywords Diffusion tensor imaging - Tractography -
Tract-based spatial statistics - Progressive supranuclear palsy

Introduction

Progressive supranuclear palsy syndrome (PSP) is a slowly
progressing fatal neurodegenerative disease with characteris-
tic neuropathological features including the formation of tau-
containing neurofibrillary tangles and neuropil threads in the
basal ganglia and brainstem structures [1-3]. According to
neuropathological studies, the highest level of tau-pathology
in PSP is found in the substantia nigra, globus pallidus, sub-
thalamic nucleus, red nucleus (RN), brainstem tegmentum,
and dentate nucleus [4, 5]. The thalamus often also exhibits
neuronal loss and gliosis, in particular, the ventral anterior
(VA) and ventral lateral (VL) thalamic nuclei [6]. PSP can
often be difficult to distinguish clinically from other move-
ment disorders, e.g., Parkinson’s disease (PD), multiple
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system atrophy (MSA), and corticobasal degeneration (CBD),
especially during early stages due to overlapping symptomatol-
ogy. Patients with PSP exhibit motor symptoms, such
as early development of postural instability, falls and
rigidity and bradykinesia, as well as cognitive symp-
toms [3]. Fluorodeoxyglucose positron emission tomog-
raphy (FDG-PET) has indicated reduced metabolism in
the caudate nucleus, thalamus, and midbrain in PSP
with thalamic hypometabolism correlating with impaired
balance [7-9].

Diffusion tensor imaging (DTI) with estimation of param-
eters fractional anisotropy (FA) and mean diffusivity (MD)
[10] has been used to study potential microstructural changes
indicating neuronal pathway loss in the basal ganglia, mid-
brain, and pons in patients with PSP. Increased values of
MD have been found in the thalamus, putamen, dorsal pons,
and midbrain in PSP compared with controls [11-13].
Reduced values of FA have been observed in some white
matter tracts, such as the superior cerebellar peduncles
(SCP), corpus callosum, and inferior longitudinal fasciculus,
as well as in the thalamus [14] with DTI parameters in the SCP
differentiating PSP from other neurodegenerative diseases
such as PD, MSA, and CBD [15-17].

Here, we aim at extending the previously reported find-
ings of microstructural changes in subcortical structures by
comparing diffusion parameter estimates from patients with
PSP, MSA and PD, and controls and relating these find-
ings to clinical symptoms. Two cohorts, with images ac-
quired in different scanners with different protocols, were
used in order to be able to study the reproducibility of the
results, especially as the cohorts were quite modest in size.
DTI parameters were quantified in the caudate head, pu-
tamen, and whole thalamus, as well as separately in some
thalamic nuclei, the RN, SCP, deep cerebellar nuclei, pons,
and midbrain, using region of interest (ROI) analysis, as
well as in the dentatorubrothalamic tract (DRTT) [18]
using tractography. Furthermore, tract-based spatial statis-
tics (TBSS) analysis was employed to compare DTI pa-
rameters in the thalamus. Seemingly, we investigated
whether the changes in DTI parameters were associated
with severity of motor symptoms. We demonstrate specific
diffusion changes in the thalamus and DRTT in patients
with PSP that correlate with an increase in disease severity
and worsening of motor function.

Materials and methods
Subjects
The derivation cohort included 38 subjects, 8 patients with

probable PSP that were diagnosed according to the National
Institute of Neurological Disorders and Stroke (NINDS)

@ Springer

criteria [3], and 30 healthy age- and sex-matched controls.
Healthy controls had no previous neurologic or psychiatric
diseases. Adjunctive inclusion criteria for patients with PSP
were a poor or absent response to levodopa. All patients were
recruited at Skéne University Hospital. Patients and controls
were evaluated using clinical assessments, among these, the
Hoehn and Yahr staging scale (H&Y) [19], the Schwab and
England activities of daily living scale (S&E) [20], as well as
the Unified Parkinson’s Disease Rating Scale (UPDRS)-3 [21]
on the on stage. The tandem gait test [22] was included to
assess disturbances in balance. Cognitive function was
assessed by Mini Mental State Examinations (MMSE) [23]
and The Quick Test of Cognitive Speed (AQT) [24]. In addi-
tion, the PSP rating scale (PSPRS) was administered to PSP
patients [25]. Patients were evaluated three times at typical
intervals of 2 years, but here, we report on the PSPRS score
closest to the MRI scan date (Table 1). The PSPRS comprises
28 items in six areas, the History and daily activities, the
Mentation, the Bulbar, the Ocular motor, the Limb motor,
and the Gate and midline with the total score ranging from 0
(normal) to 100. There was no attempt to evaluate patients off
medication.

In the validation cohort, participants were recruited from
the Neurology and Memory Clinics at Skane University
Hospital, Sweden, between 2008 and 2011. For the present
work, 69 subjects were included, with a clinical diagnosis of
probable PD (n=10), probable PSP (n=27), or probable
MSA-P (parkinsonian variant of MSA) (n=11). In addition,
neurologically healthy controls were recruited (n=21).
Clinical diagnosis was assessed by neurologists experienced
in parkinsonian disorders according to NINDS criteria [3, 26,
27]. Postmortem diagnoses were available from one PSP and
one MSA-P cases. Controls, age- and sex-matched, were re-
cruited from the Swedish population registry and had no pre-
vious neurologic or psychiatric diseases. The H&Y [19] and
the S&E [20] were assessed retrospectively from medical re-
cords, without any information about on/off state during visit
to doctor.

Since vascular lesions could mimic parkinsonism or be
subclinical in healthy subjects, patients with anatomic MRI
abnormalities and vascular lesions in midbrain and basal gan-
glia were ruled out by an experienced neuroradiologist who
evaluated MRI scans for each subject in both cohorts.

Data acquisition and processing

In the derivation cohort, imaging was performed using a 3 T
Siemens Skyra MR scanner equipped with a 20 channel head
coil. The DTI data were collected using a single-shot EPT (TE/
TR 70/7500 ms/ms) sequence with diffusion encoding in 30
directions using b values of 0 and 1000 s/mm?, IPAT factor of
2, voxel size of 2x2x2 mm?, with an acquisition time 4 min
15 s. In the validation cohort, imaging was performed
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using a 3 T Philips Achieva MR scanner, equipped with
an eight-channel head coil. DTI data were collected
using a single-shot EPI sequence (TE/TR 90/7840 ms/
ms) with diffusion encoding in 48 directions, b values
of 0 and 800 s/mmz, and SENSE factor of 2.5; 60
slices were acquired with voxel size 2x2x2 mm>. The
lower b value in the validation cohort was used to re-
duce the acquisition time. However, this will result in
slightly higher values for MD [28] and thus values for
MD from the derivation and validation cohorts are ex-
pected to differ. Subject motion and eddy-current cor-
rection was performed using ElastiX [29], and parameter
maps were calculated using in-house developed soft-
ware. For tractography, data was processed using
MRtrix (Brain Research Institute, Melbourne, Australia,
http://www.brain.org.au/software/) [30], including
constrained spherical deconvolution (CSD) to model
multiple fiber orientations in each voxel.

Volumetric data were acquired in the derivation cohort
using a MPRAGE sequence with TR/TE 7/3 ms, flip angle
9°, resolution 1x1x1 mm® and in validating cohort using a
T1-weighted TFE sequence with TR/TE 8/4 ms, flip angle
10°, resolution 1x1x1 mm?>.

Analysis of diffusion parameters
a) ROI-based analysis

For ROI-based estimation of diffusion parameters,
ROIs were outlined manually on parameter maps
by one trained investigator (YS). All ROIs were
outlined twice with an interval of 3 months (average
intra-rater variability >0.9 for all ROIs). FA- and
directionally color-encoded FA maps were used to
outline all ROIs, except for the RN and deep cerebel-
lar nuclei (DCN), where the non-diffusion-weighted
map was used (Fig. 1). The ROI size was adjusted in
each subject to maximize coverage of each structure,
while minimizing partial volume effects from neigh-
boring areas. Contamination from cerebrospinal fluid
(CSF), which has isotropic diffusion with a high MD,
was avoided by excluding voxels adjacent to the
third and lateral ventricles.

The head of the caudate nucleus was delineated in a
single slice at the level where it was most conspicu-
ous. The thalamus and putamen were delineated in
5-8 consecutive slices at the level of the internal
capsule, the thalamus adjacent to the interthalamic
adhesion, and the putamen to the extreme capsule.
The VA and VL nuclei of the thalamus (VAVL) were
identified on FA color maps as green voxels (Fig. 1)
[31, 32], in the anterior part of the lateral thalamus
close to the genu of the internal capsule, while
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excluding the three most medial voxels that were
regarded to comprise the medial dorsal nuclei. The
lateral posterior nucleus (LP) and ventral posterior
(VP) nuclear complex of the thalamus (LPVP) were
identified on FA color maps as violet voxels (Fig. 1)
[31, 32] adjacent to the posterior limb of the internal
capsule and anterior to the pulvinar in red. The RN
was identified as a circular area of signal
hypointensity in the midbrain on non-diffusion-
weighted maps and delineated in at least two consec-
utive axial slices. The SCP was delineated on two
consecutive sagittal slices. The midbrain and the
pons were delineated on five consecutive sagittal

Fig. 1 Region of interests in subcortical structures and the superior
cerebellar peduncle and tractography of the dentatorubrothalamic tract.
Region of interests (ROIs) are placed in a the putamen, caudate head,
thalamus; b the ventral anterior and ventral lateral nuclei of the thalamus
(VL), green colored voxels and the lateral posterior nucleus and ventral
posterior nuclear complex of the thalamus, violet colored voxels; ¢ the red
nucleus; d the pons and midbrain; e superior cerebellar peduncle (SCP); f
deep cerebellar nuclei (DCN); g the left and right dentatorubrothalamic
tract defined by ROIs were placed in DCN, SCP, and contralateral VL
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Fig. 2 Areas in thalamus with significantly decreased fractional
anisotropy and increased mean diffusivity in patients with progressive
supranuclear palsy when compared to healthy controls. Results of the
tract-based spatial statistics (TBSS) analysis in the thalamus, showing
regions of significant decreased fractional anisotropy (red voxels) and
increased mean diffusivity (blue voxels) in patients with progressive
supranuclear palsy when compared to healthy controls. a and b
correspond to the derivation cohort, while ¢ and d correspond to the
validation cohort. Green voxels are voxels on the TBSS-skeleton where
no significance was found

slices, with ROIs including the whole structure. The
manual approach proposed by Oba et al. [33] was
used to identify the boundaries of the pons and the
midbrain. For each structure, the average FA and MD
value from the right and left hemisphere was
calculated.

b) tract-based spatial statistics analysis

TBSS (v 1.03), part of the FRMIB Software Library
(FSL), was employed as a complementary analysis
tool for diffusion parameters in the thalamus.
Comparisons were performed in PSP vs controls in
the derivation cohort and in PSP vs controls, PD and
MSA-P in the validation cohort (Fig. 2) [34]. FA and
MD maps were registered onto the 1 mm*> FMRIB58
FA template in MNI152 standard space, using the
linear and nonlinear registration tools FLIRT and
FNIRT [35, 36]. Before registration, the diffusion
maps were masked with the FSL Brain Extraction
Tool (BET) [37]. The normalized maps were skele-
tonized by projection onto the FMRIB58 template

skeleton. Finally, the skeletonized maps were masked
to include only voxels from the thalamus. The
masking was done using the left and right thalamus
regions in the MNI152 space Harvard-Oxford subcor-
tical atlas, together with the requirement that the MD
of the normalized maps must be less than unity in the
control subjects of the derivation cohort [38].

c) Tractography of the DRTT

For probabilistic tractography of the DRTT, its infe-
rior and superior part were constructed each using a
seed ROI placed in the DCN and VAVL of the con-
tralateral thalamus, respectively, and an include ROI
in the SCP (Fig. 1). The left and right DRTT were
then constructed by combining the inferior and supe-
rior DRTT into one tract, selecting fibers passing
through include ROIs in these three locations,
DCN, SCP, and VAVL. All tracts were visually
inspected. The tractography procedure did not gen-
erate tracts in two controls from the derivation cohort
(unilaterally) as well as in four PSP patients (one
patient bilaterally and three unilateral) and one con-
trol (unilateral) in the validation cohort.

Volumetric analysis

The diameter and area of the midbrain and pons, the midsag-
ittal slice were assessed according to Oba [33]. Thus, mea-
surements included the antero-posterior diameter of the mid-
brain (AP-diameter), the distance between the interpeduncular
fossa, and the aqueduct in the midbrain proper without the
quadrigeminal plate (IF-AQ-diameter), the surface of the pons
(P-area), and the surface of the midbrain (M-area) [33, 39].
The P/M ratio was calculated as the ratio of the P-area to the
M-area. Measurements were performed twice and median
values were used.

Automated volumetric measurement was performed with
FIRST [40]. Correction for intracranial volume (ICV) was
achieved by multiplying each volume with the scaling factor
that estimates the scaling between the subject’s image and
standard space and that is provided by the sienax toolbox
[41]. The mean volume of the right and left thalamus, caudate
nucleus, putamen, and globus pallidus were used.

Statistical analysis

Statistical analysis was performed with SPSS Statistics 20 for
Windows (IBM Corporation, Somers, NY, USA). Within each
cohort, differences between groups in demographic and clin-
ical categorical variables were analyzed using the Fisher’s
exact test for dichotomized data and Kruskal-Wallis test
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followed by Mann—Whitney U test for continuous data.
Correlation between diffusion parameters and clinical scores
was tested using Spearman correlation (Spearman’s Rho). The
level of significance was set to P<0.05 in the derivation and
P<0.008 in the validation cohorts. An adjustment for multiple
comparisons between the 4 control/patient categories (i.e., 6
comparisons) was made in the validation cohort, leading
to an adjusted significance level of P=0.008 using
Bonferroni correction. Correlation between diffusion pa-
rameters and PSPRS items was tested with linear logis-
tic regression. Adjustment for age was performed by
binary logistic regression analysis with diffusion param-
eter values that were significantly different between
groups, based on the results of Mann—Whitney U test. For
comparison between PSP and controls, effect sizes were com-
puted in the form of differences in diffusional parameters
group means.

To study the ability of DTI and DTT measurements to
distinguish PSP from controls, MSA-P and PD in the valida-
tion cohort, receiver operator characteristic curve analysis
(ROC) was performed.

Statistical processing of TBSS data was performed
using Threshold-Free Cluster Enhancement of FSL
Randomize (v 2.9), with 7500 permutations for the null
distribution [42]. Finally, for each comparison and dif-
fusion parameter, we computed effect sizes in the form
of difference in group means in the skeletonized space
in the thalamus region.

Results
Demographics

Demographic clinical data of patients and controls in both
cohorts are reported in Table 1. Study participants of the der-
ivation cohort were more extensively characterized com-
pared to the validation cohort. Age, gender, and disease
duration were similar in the PD, MSA-P, and PSP
groups in both cohorts; however, patients with PSP and
MSA-P were more disabled compared to controls as well as
patients with PD.

Diffusion parameters
a) Region of interests based analysis

In the derivation cohort, we found that patients with
PSP have increased MD in the whole thalamus, the
thalamic nuclei (VAVL and LPVP), and the midbrain
(Table 2). Significant changes of MD (increase with
9-12 %) were found in the caudate head, thalamus,
VAVL, LPVP, and midbrain. Values of FA were
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reduced with 12-19 % for the SCP and midbrain in
PSP patients.

In the validation cohort, patients with PSP showed
higher MD values in the whole thalamus, the VAVL
nuclei of the thalamus and the midbrain compared to
controls, patients with PD, and patients with MSA-P
(Table 2). Patients with MSA-P displayed higher MD
values in the pons than controls and patients with PD
but not compared to patients with PSP (Table 2). The
values of MD in PSP were increased with 6-9 % in
the putamen, thalamus, VAVL, LPVP, and pons and
with 12-15 % for midbrain, SCP, and red nucleus.
Values of FA in PSP were reduced with 5-6 % in
the putamen and VAVL, with 11-15 % in midbrain
and SCP.

In the patients with PSP, MD changes in the thalamus
did not correlate with volumetric measurements in
any of the cohorts.

b) tract-based spatial statistics analysis

In the derivation cohort, PSP patients showed signif-
icantly higher MD than controls in 75 % of the skel-
etonized voxels in the thalamus (Fig. 2). In the vali-
dation cohort, patients with PSP were found to have a
higher MD in the thalamus than controls (75 % sig-
nificant voxels). In the derivation cohort, a higher
MD was also found in the PSP group compared to
both PD (67 % significant voxels) and MSA-P (53 %
significant voxels). Furthermore, a reduced FA was
observed in PSP vs controls in both cohorts and in
PSP vs IPD in the derivation cohort (30-50 % sig-
nificant voxels).

c) Tractography of the DRTT

As many of the changes in diffusion parameters in
patients with PSP observed above were localized in
structures associated with the DRTT (i.e., SCP, mid-
brain, and ventral thalamus); probabilistic
tractography of this tract was performed. In the der-
ivation cohort, elevation in MD and reduction of FA
was seen in patients with PSP, even though it only
reached significance on the right side (P<0.05)
(Table 2 and Fig. 3c, d). Value of FA was reduced
with 19 %, and value of MD was increased with
14 % for right DRTT in PSP patients. Similar to the
derivation cohort, tractography of the DRTT in pa-
tients with PSP in the validation cohort exhibited
reduced FA and increased MD in the DRTT on both
sides when compared to both controls and patients
with PD or MSA-P (Table 2 and Fig. 3a, b). The
values of FA were reduced with 21-28 %, and values
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Table 2 Regional fractional anisotropy and mean diffusivity values in two cohorts
Region Parameter  Derivation cohort Validation cohort

FA CTR PSP CTR PD PSp MSA-P
Caudate head 0.16 (0.14-0.18)  0.18 (0.15-0.20) ~ 0.16 (0.14-0.20)  0.17 (0.14-0.19)  0.18 (0.15-0.20) 0.16 (0.15-0.21)
Putamen 0.15(0.14-0.17)  0.16 (0.13-0.19) ~ 0.19 (0.17-0.20)  0.20 (0.18-0.22)  0.18 (0.17-0.20)°  0.22 (0.20-0.24)
Thalamus 0.29 (0.28-0.31)  0.28 (0.25-0.30)  0.32(0.30-0.33)  0.31 (0.30-0.33)  0.30 (0.29-0.33) 0.31(0.29-0.33)
VAVL 0.28 (0.26-0.30)  0.27 (0.24-0.30)  0.31 (0.30-0.33)  0.32(0.29-0.34)  0.29 (0.26-0.32)*  0.31 (0.29-0.33)
LPVP 0.27(0.25-0.29)  0.26 (0.24-0.28)  0.29 (0.26-0.32)  0.31 (0.29-0.33)  0.31 (0.29-0.33) 0.31 (0.29-0.35)
Red nucleus 0.45(0.40-0.52)  0.45(0.40-0.51)  0.54 (0.49-0.58) 0.53 (0.47-0.54) 0.50 (0.45-0.56) 0.51 (0.43-0.56)
SCP 0.66 (0.62-0.68)  0.54 (0.42-0.70)*  0.78 (0.75-0.82)  0.79 (0.71-0.84) ~ 0.66 (0.60-0.71)>  0.75 (0.73-0.76)
Pons 0.35(0.34-0.38)  0.33(0.32-0.36)  0.41 (0.39-0.46) 0.40 (0.37-0.44)  0.39 (0.36-0.42) 0.39 (0.34-0.39)
Midbrain 0.40 (0.36-0.42)  0.35(0.30-0.38)"  0.45 (0.43-0.48) 0.47 (0.45-0.48)  0.40 (0.38-0.43)™  0.45 (0.43-0.49)
DRTT left 0.38(0.33-0.39)  0.33(0.25-0.38)  0.38(0.35-0.40) 039 (0.36-0.41)  0.30 (0.27-0.34)™  0.37 (0.31-0.38)
DRTT right 0.37 (0.33-0.40) 030 (0.26-0.35)*  0.36 (0.33-0.37) 038 (0.36-0.44)  0.26 (0.24-0.29)™  0.32 (0.31-0.36)°

MD
Caudate head 0.68 (0.66-0.73)  0.74 (0.63-0.79)"  0.79 (0.76-0.87)  0.81 (0.77-0.91)  0.82 (0.75-0.96) 0.76 (0.68-0.85)
Putamen 0.68 (0.64-0.71)  0.70 (0.66-0.76)  0.81 (0.75-0.86) 0.78 (0.76-0.86)  0.86 (0.80-0.96)* 0.8 (0.84-1.04)™
Thalamus 0.71 (0.69-0.73)  0.79 (0.71-0.89)*  0.79 (0.75-0.82)  0.77 (0.76-0.81)  0.84 (0.79-0.88)™  0.78 (0.77-0.80)
VAVL 0.72 (0.70-0.74)  0.81 (0.71-0.89)*  0.79 (0.76-0.81)  0.79 (0.77-0.83) ~ 0.86 (0.82-0.93)™  0.80 (0.76-0.83)
LPVP 0.70 (0.68-0.72)  0.77 (0.71-0.93)*  0.76 (0.72-0.81)  0.71 (0.70-0.75)  0.81 (0.76-0.89)>  0.74 (0.74-0.75)
Red nucleus 0.48 (0.43-0.53)  0.55(0.42-0.59)  0.53 (0.45-0.60) 0.53 0.48-0.58)  0.61 (0.55-0.68)"  0.61 (0.52-0.62)
SCp 0.82 (0.76-0.86)  0.85(0.79-1.11)  0.83 (0.76-0.88)  0.82 (0.76-0.89)  0.94 (0.90-1.10)"  0.92 (0.87-0.97)"
Pons 0.63 (0.60-0.66)  0.65 (0.62-0.70) ~ 0.72(0.70-0.75)  0.72 (0.70-0.75)  0.76 (0.72-0.79)*  0.75 (0.75-0.78)*
Midbrain 0.68 (0.66-0.72)  0.74 (0.71-0.81)*  0.74 (0.73-0.76)  0.73 (0.71-0.76)  0.83 (0.80-0.85)™  0.75 (0.70-0.78)
DRTT left 0.89 (0.84-0.93) 1.02(0.86-1.18)  1.1(1.02-1.15)  1.03 (0.97-1.11) 1.37 (1.27-1.52)™° 121 (1.02-1.23)°
DRTT right 0.87 (0.80-0.93)  0.99 (0.82-1.07)" 1.16(1.05-1.20) 1.06 (0.99-1.10)  1.50 (1.34-1.55)" 122 (1.16-1.30)°

MD (10"-3 mm*2/s). All values expressed as medians, values in parenthesis indicate 25-75th percentiles. FA values in caudate head and putamen are

low and should therefore be interpreted with caution

Abbreviations: FA fractional anisotropy, MD mean diffusivity, VAVL ventral anterior and ventral lateral nuclei of the thalamus, LPVP lateral posterior
nucleus and ventral posterior nuclear complex of the thalamus, SCP superior cerebellar peduncle, DRTT dentatorubrothalamic tract, PD Parkinson’s
disease, PSP progressive supranuclear palsy, MSA-P multiple system atrophy, parkinsonian variant, CTR healthy control

*PSP/CTR

®pPD/PSP

°PSP/MSA-P

4 MSA-P/CTR

¢ MSA-P/PD. Mann-Whitney U test

of MD in PSP were increased with 24-29 % in the
left and right DRTT.

Volumetric measurements

The volumes of the thalamus, the putamen, and the
globus pallidus were reduced in patients with PSP in
both cohorts (Table 1). The midbrain area was reduced
in patients with PSP when compared to PD, MSA-P,
and control subjects (Table 1). In patients with MSA-P
(validation cohort only), the volumes of the putamen
and the globus pallidus were reduced (Table 1). Only

the thalamic volume and the midbrain area were specif-
ically reduced in PSP.

Correlation between clinical scales and diffusion
parameters of thalamus and dentatorubrothalamic tract
in progressive supranuclear palsy

In the derivation cohort, increased MD in the whole thalamus,
VAVL, and LPVP correlated with increased disease stage
(H&Y) and with reduced rating scores of activities of daily
living (S&E) (Spearman’s Rho=-0.732-0.756, P<0.05).
Very similar findings were obtained in the validation cohort.
There was a negative correlation between MD and disease
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stage (H&Y) in PSP patients in the validation cohort, similar
to that in the derivation cohort, for values obtained in the
whole thalamus and in the VAVL nuclei (Spearman’s Rho=
0.456 and 0.431, P=0.017 and P=0.025, respectively).
Further, higher MD in the LPVP correlated negatively with
functional measures of activity of daily living (S&E)
(Spearman’s Rho=-0.467 and —0.489, P=0.014 and P=
0.010, respectively).
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values in the right dentatorubrothalamic tract validation cohort, [10"—
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The thalamic volume correlated with neither S&E nor
H&Y (both cohorts).

In the derivation cohort, the patients with PSP were also
assessed with other clinical rating scales including UPDRS
and the PSP rating scale. We found that worse motor perfor-
mance (UPDRS-3) was associated with increased MD in the
whole thalamus, VAVL, and LPVP (Spearman’s Rho=0.714—
0.772, P<0.05) and reduced FA in the whole thalamus
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(Spearman’s Rho=-0.762, P=0.028). Impaired balance
(Tandem Gait Test) correlated with increased MD in the whole
thalamus, VAVL, LPVP, but also with MD in the right DRTT
(Spearman’s Rho=0.791-0.828, P<0.05). Further, we found
significant correlations between diffusion changes in thalamus
(whole thalamus and VAVL) and the items in the PSP rating
scale (Table 3). As depicted in Fig. 4, linear regression
showed highly significant positive linear correlation be-
tween MD in the thalamus in patients with PSP and the
PSP rating scale total score and strong negative linear
relationship between FA in the thalamus in PSP and the
PSP rating scale total score.

Diagnostic accuracy of diffusion parameters
of the midbrain, dentatorubrothalamic tract,
and thalamus in progressive supranuclear palsy

Diffusion parameters from the validation cohort, that showed
the most extensive differences between PSP and other diag-
nostic groups, were tested separately in the ROC analysis for
diagnostic accuracy (Table 4).

When using the MD in the midbrain, we found that it could
differentiate PSP from controls with an area under the curve
(AUC) of 0.86 (Table 4), PSP from MSA-P and PD with an
AUC of 0.90 (Table 4), and PSP from all groups of 0.88
(Table 4).

When using the MD in the right DRTT, we found that it
could differentiate PSP from controls with an AUC of 0.95
(Table 4). Similar results were obtained when PSP separated
from MSA-P and PD (Table 4) and when PSP separated from
all groups (Table 4).

When using MD in the thalamus, we found that it could
differentiate PSP from controls with an AUC of 0.77
(Table 4). Similar results were obtained when PSP separated
from MSA-P and PD (Table 4) and when PSP separated from
all groups (Table 4).

Discussion

‘We have performed a study comprising two cohorts with sim-
ilar demographic characteristics, comparing DTI and volumet-
ric measurements. We derived and validated changes of MD
in the thalamus, in the VAVL and LVLP thalamic nuclei and in
the DRTT in PSP. Importantly, these changes were specific for
PSP and correlated highly with the PSP rating scale.
Furthermore, these changes were not correlated with the atro-
phy of thalamus and seem associated with worse motor symp-
toms and impaired balance.

Neurodegeneration of the thalamic nuclei in PSP has been
described in a few small autopsy studies [6, 43, 44]. Tau-
containing neurofilaments (NFTs) have been shown in many
nuclei of the thalamus in patients with PSP. In some cases, the
loss of nerve cells was severe in the dorsal part of lateral and
ventral nuclei with concomitant fibrillary gliosis. Further, a
comparative neuropathological study comparing cases with
PD and PSP found tau-pathology in all ventral thalamic nuclei
in PSP with neuronal loss most evident in the ventrolateral
posterior nuclei [45]. In vivo, DTI changes in PSP have pre-
viously been shown in the thalamus when compared to con-
trols [12, 14, 17]. Our results corroborate these findings and
further suggest that changes of MD in the thalamus, in the
VAVL, and LVLP thalamic nuclei are specific for PSP when
compared to the other major parkinsonian disorders such as
PD and MSA-P.

The present findings of changes of DTI parameters in the
SCP, midbrain, and ventral thalamic nuclei in PSP suggested
structural damage along the DRTT. The DRTT projects from
the dentate nucleus of the cerebellum, through the SCP toward
the red nucleus (with axon collaterals to this nucleus) and then
proceeds superiorly to the contralateral ventral lateral and an-
terior nuclei of the thalamus. Degeneration of DRTT has pre-
viously been shown neuropathologically in 10 cases with PSP
where degeneration and activated microglia along this tract

Table 3 Spearman’s correlation

coefficient (Rho) describing the PSPRS items PSPRS items scores FA MD

association of diffusion tensor

imaging parameters mean Thalamus VAVL Thalamus VAVL

diffusivity and fractional

anisotropy with the Progressive History 7.25+4.62 —0.383 —0.575 0.611 0.659

Supranuclear Palsy Rating Scale Mentation 425+3.88 —0.849% -0.506 0.892% 0.892%

items scores Bulbar 2416 ~0.835¢ ~0.933% 0.651 0.749%
Ocular motor 8.88+2.85 —0.759% -0.313 0.699 0.7237
Limb motor 5.75+1.67 —0.776+ —0.325 0.801+ 0.776+
Gate and midline 11£7.19 —0.735% —0.578 0.7837 0.8071
Total 39.13+£18.11 —0.833F —0.738+ 0.905% 0.929%

PSPRS items scores expressed as mean+standard deviation. No correction for multiple comparisons was done

Abbreviations: PSPRS Progressive Supranuclear Palsy Rating Scale, MD mean diffusivity, 74 fractional anisot-
ropy, VAVL ventral anterior and ventral lateral nuclei of thalamus

TP<0.05, £P<0.01, Spearman’s correlation coefficient

@ Springer



Neuroradiology

Fig. 4 Correlation between the a
progressive supranuclear palsy

rating score and fractional

anisotropy and mean diffusivity

in the thalamus for the patients

with progressive supranuclear 30
palsy in derivation cohort. a The
regression line (black line) with a
95 % confidence interval (CI)
shows an association between
higher progressive supranuclear
palsy rating score (PSPRS) and
reduced fractional anisotropy in
the thalamus. The correlation
coefficient value is 0.81 and 60 %
of variance is explained. b The
regression line (black line) with a 26 4
95 % CI shows an association
between higher PSPRS score and
elevated mean diffusivity in the
thalamus. The correlation
coefficient value is 0.84 and 65 %

28
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were found [46]. Using tractography, we demonstrate reduced
FA and elevated MD in the DRTT in PSP, which was confirmed
in two different cohorts (Table 2; Fig. 3). Further, the quite high
diagnostic accuracy obtained using the MD in the DRTT and
MD in the midbrain, and to a lesser degree the MD of thalamus
(Table 4), warrants further studies investigating the clinical di-
agnostic utility of these measures. To our knowledge, this study
was first to using tractography to show changes in diffusion
parameters along the DRTT in patients with PSP but not the first
to show diffusion changes in regional parts of the DRTT [14].

@ Springer

The motor and pre-motor cortex receives thalamic inputs
especially from the ventral thalamic nuclei (i.e., the “motor
thalamus™) and changes in motor cortical activation are asso-
ciated with the clinical features of rigidity, bradykinesia, and
postural instability in both PSP and PD [45]. In this context, it
is interesting to note that we found that increased MD in ven-
tral thalamic nuclei was very consistently associated with
worse motor symptoms in PSP. The ventral thalamic nuclei
receive input, e.g., from the basal ganglia (globus pallidus) via
the thalamic fasciculus and from the cerebellum via the DRTT.
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Table4  Diagnostic accuracy of mean diffusivity in the thalamus, the right dentatorubrothalamic tract, and midbrain
ROC (95 % CI) Cutoff MD [umz/ms] Sensitivity % Specificity %
PSP vs controls
Thalamus 0.77 (0.64-0.91) 0.80 74 67
DRTTR 0.95 (0.88-1.00) 1.23 96 81
Midbrain 0.86 (0.74-0.98) 0.77 85 81
PSP vs PD and MSA-P
Thalamus 0.81 (0.68-0.93) 0.79 81 77
DRTT R 0.94 (0.87-1.0) 1.25 92 81
Midbrain 0.90 (0.88-0.99) 0.78 81 81
PSP vs PD, MSA-P, and controls
Thalamus 0.79 (0.68-0.9) 0.8 74 71
DRTTR 0.94 (0.89-0.99) 1.24 96 79
Midbrain 0.88 (0.79-0.97) 0.77 85 79

Values refer to the validation cohort

Abbreviations: PSP progressive supranuclear palsy, PD Parkinson’s disease, MSA-P multiple system atrophy, parkinsonian variant, DRTT R right
dentatorubrothalamic tract, ROC receiver operator curve analysis, MD mean diffusivity, C/ confidence interval

It has been suggested that the DRTT is important for postural
stability. Our finding that increased MD in the DRTT is
associated with impaired balance (poor performance on
the tandem gait test) in patients with PSP might suggest
that these changes are associated with postural instabil-
ity and falls in PSP. This finding is in agreement with a
previous study showing that imbalance and falls in PSP are
associated with thalamic dysfunction visualized with FDG-
PET, suggesting that brainstem-thalamic loops play an impor-
tant role in postural imbalance and falls in PSP [9].

In the present study, we also found that the volumes of the
putamen and the globus pallidus are reduced in both MSA-P
and PSP, but that the volumes of the thalamus and the mid-
brain are selectively reduced in PSP, which is in agreement
with a previous study [47]. The volumetric changes of the
thalamus were not associated with clinical assessment scales
in PSP, which was in sharp contrast to diffusion measures
(especially MD) in the same structure, indicating that DTI
more reliably detect meaningful changes in the thalamus of
patients with PSP.

Our DTI results of ROI-based analysis of diffusion changes
in thalamus are in agreement with the TBSS analysis of thal-
amus. Interestingly, our DTI results of MD changes in the
infratentorial part of the DRTT in patients with PSP are in
agreement with previously published results of the TBSS
study [48] where patients with PSP showed white matter
(WM) changes encompassing the inferior part of this tract.
Our results are also in line with a previous report from another
TBSS study [49] showing widespread changes in white matter
tracts in both PSP and MSA patients, not found in patients
with PD.

Our study has some limitations. First, the PSP group is
small in the derivation cohort. However, there are previous

studies demonstrating that with effect sizes above 5 %, as
few as 4-7 individuals are needed when analyzing MD values
in white matter structures [50]. Although the coefficients of
variation were slightly higher in the structures we analyzed,
the reduction in MD in PSP compared to controls in derivation
cohort was up to 15 %. Given that the results were reproduced
in the validation cohort, we are confident in the reliability of
the results. Second, when using small cohort number, the main
limitation is the risk of type II errors, not type I errors. The
strength of the present study was also that the results from the
derivation cohort were reproduced in the validation cohort.
However, the correlations performed only in the derivation
cohort (i.e., correlations with UPDRS, PSP rating scale, and
tandem gate) should be interpreted with caution until validated
in other cohorts. Third, manual placements of ROIs for DTI
analyses can be subjective, but the ROI-based analyses of the
present study resulted in high intra-rater reliability and the
results were validated by the automatic TBSS analysis.
Finally, clinical diagnostic criteria were used for patient col-
lection without neuropathological confirmation in the study,
thus misdiagnosis cannot be excluded. However, in two cases
(one with PSP and one with MSA-P) that underwent neuro-
pathological examination the clinical diagnoses were
confirmed.

Conclusions

We investigated disease-specific structural changes in thala-
mus and dentatorubrothalamic tract in PSP. In a cohort with 8
PSP patients and 30 controls, we found elevated MD in the
thalamus, SCP, midbrain, and of the DRTT in patients with
PSP. Increased MD in the thalamus and in the DRTT

@ Springer
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correlated with impaired motor function or balance in patients
with PSP. Volumetric analysis showed reduced thalamic vol-
umes in PSP. The DTI and volumetric findings were success-
fully reproduced in a validation cohort with 27 PSP patients
and 21 controls. In addition, we found that most of these
changes were specific to PSP and not found in patients with
PD or MSA-P, which indicates that MD changes in thalamus
and DRTT might be specific to impaired motor function and
balance. Future studies need to be performed to examine
whether changes in DTI parameters in the thalamus could be
part of an MRI protocol for differential diagnosis of PSP vs
PD and MSA-P. Further studies are also needed to confirm
that alterations in thalamus and the DRTT are associated with
impaired motor function and balance in PSP.
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Abstract

In Parkinson’s disease (PD), pathological microstructural changes occur and such changes
might be detected using diffusion magnetic resonance imaging (dMRI). However, it is
unclear whether dMRI improves PD diagnosis or helps differentiating between phenotypes,
such as postural instability gait difficulty (PIGD) and tremor dominant (TD) PD. We included
105 patients with PD and 44 healthy controls (HC), all of whom underwent dMRI as part of
the prospective Swedish BioFINDER study. Diffusion kurtosis imaging (DKI) and neurite
density imaging (NDI) analyses were performed using regions of interest in the basal gan-
glia, the thalamus, the pons and the midbrain as well as tractography of selected white mat-
ter tracts. In the putamen, the PD group showed increased mean diffusivity (MD) (o = .003),
decreased fractional anisotropy (FA) (p = .001) and decreased mean kurtosis (MK), com-
pared to HC (p = .024). High MD and a low MK in the putamen were associated with more
severe motor and cognitive symptomatology (p <.05). Also, patients with PIGD exhibited
increased MD in the putamen compared to the TD patients (p = .009). In the thalamus, MD
was increased (p = .001) and FA was decreased (p = .032) in PD compared to HC.
Increased MD and decreased FA correlated negatively with motor speed and balance

(p <.05). In the superior longitudinal fasciculus (SLF), MD (p = .019) and f,, were increased
in PD compared to HC (p = .03). These changes correlated negatively with motor speed

(p <.002) and balance (p < .037). However, most of the observed changes in PD were also
present in cases with either multiple system atrophy (n = 11) or progressive supranuclear
palsy (n =10). In conclusion, PD patients exhibit microstructural changes in the putamen,
the thalamus, and the SLF, which are associated with worse disease severity. However, the
dMRI changes are not sufficiently specific to improve the diagnostic work-up of PD. Longitu-
dinal studies should evaluate whether dMRI measures can be used to track disease
progression.
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Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, with a prev-
alence of approximately 1% in the population older than 60 years. It is classically characterized
by resting tremor, slowness of initial movement, rigidity, and general postural instability [1].
Microstructural changes include neuronal loss in the substantia nigra [2]. The loss of cells
results in profound dopamine depletion in the motor region of the striatum [3], with nigral
projections to the putamen being most affected [4]. Neuropathology reports in PD have shown
that the thalamus and the putamen are also affected [4, 5]. Post-mortem diagnosis of PD
requires evidence of cell loss in the substantia nigra, aggregated o-synuclein deposits accumu-
lated in neurites (Lewy neurites) and in neuronal somata (Lewy bodies). The clinical signs and
symptoms of PD vary considerably, and are assumingly caused by differences in the degenera-
tion pattern of the nigrostriatal dopaminergic system and other subcortical neuronal systems
[6-8]. A number of proposals divide patients with PD into the tremor dominant (TD) and pos-
tural instability gait difficulty (PIGD) subtypes [6, 7]. As of yet, no study has assessed if there
are differences in measures from diffusion MRI (dMRI) between PIGD and TD.

Conventional magnetic resonance imaging (MRI) has been unsuccessful in detecting patho-
physiologic changes in PD. However, several changes have been found in measures from dMRI
techniques. Using diffusion tensor imaging (DTI), spatially resolved micro-structural brain dam-
age has been identified in PD [9]. Overall, DTI measures tend to show consistent results of
changes in brain regions involved in the basal ganglia circuit, including an elevation of mean dif-
fusivity (MD) and a reduction of fractional anisotropy (FA) [9, 10]. However, a recent meta-anal-
ysis of FA changes in the substantia nigra has questioned the stability and validity of this measure
as a PD biomarker [10]. Several studies have reported increased MD and reduced FA in the cau-
date nucleus, the putamen, the globus pallidus and the thalamus in PD [11-16]. Other reports
have shown normal dMRI in the striatum of PD [17, 18]. Together these somewhat divergent
results call for large prospective studies to investigate dMRI changes in PD. On the other hand,
the patterns of change seem to be more robust in atypical parkinsonian disorders like progressive
supranuclear palsy (PSP) or multiple system atrophy (MSA), with changes in dMRI measures
reported in the basal ganglia regions such as the putamen and the thalamus [19-25], but also in
the caudate nucleus and the globus pallidus [14, 26, 27]. Interestingly, DTI measures in the basal
ganglia are promising for differentiating atypical parkinsonian disorders from PD [10].

Changes in FA and MD have also been observed in several brain white matter (WM) tracts
in PD. Compared to healthy controls (HC), patients with PD exhibit increased MD and
reduced FA in the superior longitudinal fasciculus (SLF), the genu of the corpus callosum
(CC), and in the cingulum (CG) [28]. Interestingly, Zheng et al. [29] showed that executive
function, linguistic performance, attention, and memory were positively correlated with FA
and negatively correlated with MD in relevant WM tracts, consistent with the expectation that
FA decreases and MD increases with increased levels of neurodegeneration and neurocognitive
dysfunction.

Changes in diffusion kurtosis, which quantifies non-Gaussian water diffusion [30], have not
yet been well studied in PD. Wang et al. [24] demonstrated elevated mean kurtosis (MK) in the
putamen and in the substantia nigra in PD. Reduced FA and MK have been found in PD
patients in WM structures such as the cingulate fiber tracts [28], the anterior part of the infe-
rior fronto-occipital fasciculus (IFOF), the anterior SLF, the anterior and superior corona radi-
ata, parts of the genu and body of the CC, and part of the parietal WM (part of the posterior
SLF) [28].

In this explorative study, we aimed to extend the previously reported findings of dMRI
changes in grey matter (GM) and brain WM tracts in PD. To this end, multi-shell dMRI data
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were obtained from a large sample of PD patients, as well as from healthy controls. The data
were analyzed using diffusion kurtosis imaging (DKI) to obtain MD, FA and MK, and neurite
density imaging (NDI) [31] to obtain the neurite density index (f;.) and the partial fraction of
free water (fi5,). Values of these parameters were obtained in GM structures by drawing regions
of interest (ROI) in the basal ganglia, the thalamus, the midbrain and the pons. In WM, param-
eter values were obtained in tracts defined using tractography and included the cingulum
(CG), the CC, the fornix, the SLF, the inferior longitudinal fasciculus (ILF), the IFOF, the unci-
nate fasciculus (UF), and the corticospinal tract (CST). First, we investigated whether diffusion
changes in subcortical GM structures and WM tracts could be found in PD compared to HC,
and found changes in putamen, thalamus, and SLF. Second, we studied whether these changes
were different between the PIGD and TD subtypes, as well as between PD and patients with
PSP or MSA. Third, we tested whether the diffusion changes in PD were associated with motor
or cognitive deficits.

Materials and Methods
Ethics Statement

This study was approved by the Ethics Committee at Lund University and performed in accor-
dance with the Helsinki Declaration. All participants gave written informed consent prior to
participation.

Participants

In this case-control study participants were recruited from the Neurology Clinic at Skdne Uni-
versity Hospital, Sweden, between 2008 and 2015 as part of the prospective and longitudinal
Swedish BioFINDER study (http://www.biofinder.se) [32]. For the present work, 105 subjects
were included with a clinical diagnosis of probable PD. The diagnosis was made by neurologists
trained in movement disorder diagnostics according to the National Institute of Neurological
Disorders and Stroke (NINDS) criteria of PD [33]. Neurologically HC were recruited (n = 44),
who did not have any objective cognitive or parkinsonian symptoms. In addition, we included
patients with a clinical diagnosis of probable PSP (n = 10) and MSA (n = 11) who fulfilled the
NINDS criteria of either PSP or MSA [34, 35]. Motor function, disease stage and disability was
evaluated using e.g. Unified Parkinson’s disease rating scale motor part (UPDRS-III) [36],
Hoehn and Yahr staging scale (H&Y), the Schwab and England activities of daily living scale
(S&E) [37], and the timed up and go test [38, 39]. The tandem gait test [40] was done to assess
disturbances in balance and gait. Cognitive assessments were conducted by trained physicians
using a standardized battery, including Mini Mental State Examinations (MMSE), The Quick
Test of Cognitive Speed (AQT) test [41], and the memory subtests of the Alzheimer's Disease
Assessment Scale (ADAS-Cog, which consist of a 10 word delayed recall). To ensure standardi-
zation, assessments were conducted during patients “on” medication state, or fully responding
to their PD medications (in the “on” state). At the time of testing, none of the patients exhibited
any dyskinesia, dystonia, or other signs of involuntary movement.

Classification into postural instability gait disorder and tremor dominant subtypes of
patients with Parkinson’s disease. The UPDRS-III motor score was used to compute a mean
tremor score of the following 9 tremor items: right and left arm tremor as determined by his-
tory, during patients “on” and “off” medication state. Tremor at rest of either lips, face or chin
tremor, tremor in all 4 limbs, and action or postural tremor on both arms were determined by
the investigator during examination. A mean score of 5 PIGD items were computed: falling,
freezing, and walking difficulty by history, during patients “on” and “off” medication state.
Gait and postural instability were determined during patients’ examination). When the ratio of
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the mean tremor score divided by the PIGD score was greater than or equal to 1.5, study partic-
ipants were assigned to the TD subgroup [6]. When this ratio was equal to or less than 1.0,
study participants were assigned to the PIGD subgroup [6]. Patients with mixture phenotype
were ignored when comparing PIGD to TD.

MRI data acquisition and post-processing

Imaging was performed on a 3 T Siemens Skyra MR scanner equipped with a 20 channel head
coil. The diffusion MRI protocol comprised 99 DWI volumes, where the choice of b-values and
encoding directions was inspired by Poot et al. [42]. In total, three volumes were acquired with
b =0 s/mm?, while the remaining 96 volumes were acquired using b-values of 250, 500, 1000,
and 2750 s/mm?, distributed over 6, 6, 20, and 64 directions, respectively. A single-shot spin-
echo with EPI read-out was used, with the following settings: TR = 8100 ms, TR = 103 ms,
voxel size = 2.3x2.3x2.3 mm’, FOV = 294x294x120 mm?>, iPAT = 2, and partial Fourier fac-
tor = 6/8. The imaging volume comprised 52 contiguous axial slices adjusted to include the
whole cerebrum. Total acquisition time was approximately 14 minutes. Motion and eddy cur-
rent distortions were corrected using an extrapolation-based method for improved high b-
value performance [11]. In this procedure, the diffusion-weighted images were modulated with
the Jacobian determinant of the transformation matrix [43]. In order to mitigate the potential
effects of Gibbs ringing artifacts, image volumes were smoothed using an isotropic 3D Gauss-
ian kernel with a full-width at half maximum of 2.3 mm [44-46]. Smoothing with a kernel of
this size has little effect on sensitivity and specificity [47], and is thus not expected to signifi-
cantly influence the parameter precision. DKI analysis was performed to obtain maps of FA,
MK, and MD, using in-house developed software which fitted the diffusion and kurtosis ten-
sors by nonlinear optimization as in Litt et al [48]. The fitting only allowed positive values of
the diffusion tensor eigenvalues. In a small number of voxels where the kurtosis was below
zero, the fitting was repeated after additional smoothing was performed. NDI analysis [31], a
simplification of the NODDI analysis [49], was performed to obtain maps of the neurite den-
sity index (f,.) and the partial fraction of free water (f,;,). NDI utilizes a concept from solid-
state NMR called powder averaging [50], where the MR signal is averaged across all rotations
of a sample. In dMRI, we average across encoding directions for each b-value, which induces
complete orientation dispersion in each voxel. This concept has previously been applied in dif-
fusion MRI to analyze microscopic diffusion anisotropy [51, 52]. Here, we use it to simplify the
NODDI model in order to speed up the analysis by predicting the MR signal in terms of only
three model parameters (S, fi, and fis,), according to

§ = Sy(fuwexp(=bD,) + (1 = o) (feic + (1 = f)AL) (1)
where the attenuation A of the intra-neurite and extracellular components were given by
A, = exp(=bMD,)h(x,) )

and

h(2) = \/gexp(aﬁ)erf(\/&) (3)

Here, erf is the error function and o, = b (AD,-RD,) where AD, and RD, are the axial and
radial diffusivities, respectively, from which the mean diffusivity is calculated according to
MD, = (ADy + 2 RD,)/3. [53]. Just as for the NODDI model, we assumed AD;. = AD,. =
1.7 pmzlms, RD;. = 0, and RD, = (1-f;c) AD,.. Just as for NODDI, NDI is built on the assump-
tion that the diffusivities are identical inside and outside the axons, which is not necessarily
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true and may thus bias the estimated parameters [54, 55]. Accordingly, the values of the
obtained parameters should be interpreted as phenomenological fit parameters rather than in
terms of absolute quantification of specific features of the tissue microstructure.

All calculations were performed using in-house developed software, implemented in Matlab
(The Mathworks, Natick, MA, USA).

All relevant data are within the paper. The raw imaging data are available for researchers
who meet the criteria for access to confidential data and are granted accessed by the local data
access committee.

Region of interest analysis of diffusion parameters

ROI based analysis of grey matter. All ROIs were outlined manually (Fig 1) in the sub-
ject’s native space using MK and directionally color-encoded FA (DEC) maps, with the excep-
tion of the red nucleus and the substantia nigra, where the non-diffusion weighted b, map was
used. ROI size was adjusted in order to maximize coverage of each structure in each subject,
while minimizing partial-volume effects from neighboring areas. Contamination from cerebro-
spinal fluid (CSF), which has isotropic diffusion with a high MD, was avoided by excluding
voxels adjacent to the third and lateral ventricles. Slice selection for ROI delineation was per-
formed with respect to standard neuroanatomical criteria [56]. The head of the caudate nucleus
was delineated in one slice at the level where it was most conspicuous. The thalamus was

Fig 1. Parameter maps for both PD patients and healthy controls with key ROIs examined. ROIs for measurement in the anatomical areas
reported in Table 2, overlaid on the FA, by, MK and MD maps from a 66-year-old healthy male participant (panels a-e), and a 66-year-old male PD
patient (panels f-j). In panels (a) and (f), ROls are placed in the pallidum and the thalamus (right), and the putamen (left) on the FA-map; in panels (b) and
(g) in the substantia nigra and red nucleus (right) on the bo-map; in panels (c) and (h) in the caudate head (right) on the MK map; and in panels (d) and (i)
in the pons and midbrain on the MD map.

doi:10.1371/journal.pone.0157755.9001
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delineated in 5-8 consecutive slices at the level of the internal capsule and adjacent to the inter-
thalamic adhesion. The globus pallidus and the putamen were delineated in one slice, and were
adjusted to the extreme capsule. The red nucleus was identified as a circular area of signal
hypointensity in the midbrain on b, maps and delineated in one axial slice. The substantia
nigra was identified as an area of signal hypointensity in the midbrain on b, maps and delin-
eated in one axial slice. The midbrain and the pons were delineated in 8 consecutive sagittal
slices, with the boundaries identified using the manual approach proposed by Oba et al. [57].
For each structure, the average MK, MD, FA value and NDI parameters from the right and left
hemisphere was calculated. All ROIs were redrawn 8 weeks later on the same images, by the
same investigator (intra-rater variability > 0.9 for all ROIs), and the average values from paired
ROIs were used for analysis. The image-presentation order was randomized, and the investiga-
tor was blinded to the order. In the substantia nigra, red nucleus and globus pallidus, and mid-
brain, the signal-to-noise ratio (SNR) was approximately 50% of that in the thalamus, and 25—
35% of that in WM (data not shown). The low SNR in these structures was suspected of causing
artificial changes in FA, MD and MK (S1 File, S1 Fig), wherefore the structures were excluded
from the analysis, besides the substantia nigra.

Tractography of brain white matter tracts. Tractography was performed using determin-
istic tracking based on constrained spherical deconvolution (CSD) [58], generating the left and
right anterior half of the dorsal CG, the posterior half of the CG, the hippocampal CG, the SLF,
the ILF, the IFOF, the UF, the CST and the CC. The fornix was generated using probabilistic
tractography. The ROIs used to define the seed region for each tract, and to segment the tract
based on logical operations, were defined in MNI152 standard-space [59] and warped back to
native space utilizing the warp-fields generated by FLIRT and FNIRT [60].

All tracts were generated using one seed-ROI covering the full extent of the expected tract,
and then further defined using logical AND- and NOT-ROIs. The subdivisions of the CG were
defined according to Jones et al. [61], using two NOT-ROIs, one at its most anterior border
and one at the rostral-caudal midpoint of the dorsal CG. The posterior CG was defined using
two NOT-ROIs, one at the rostral-caudal midpoint of the dorsal CG and one at the dorsal bor-
der of the splenium. The hippocampal CG was defined using two NOT-ROIs, one at the dorsal
border of the splenium of the CC and one at the level of the mesencephalon. The fornix was
defined using two AND-ROIs and one NOT-ROL. The first AND-ROI was located at the level
of the corpus fornicis, inferior to the anterior pillars, and the second was located at the level of
the crus fornicis, inferior to the splenium of the CC. The NOT-ROI was located anterior to the
anterior pillars, inferior to the crus fornicis and through the CC. The CC was defined using
NOT-ROIs located just above its anterior, posterior, superior and inferior borders. Further-
more, AND-ROIs were used to include its 2 cm wide central portion. The SLF was defined
according to Wakana et al. [62], using one AND-ROI in the frontal lobe at the level of the ros-
tral-caudal midpoint of the CC, and one AND-ROI located just anterior to the posterior border
of the Sylvian fissure. The ILF was defined using one AND-ROI anteriorly in the temporal lobe
and one AND-ROI in the occipital lobe 2 cm posterior to the sagittal stratum. The IFOF was
defined using one AND-ROLI in the frontal lobe located inferior to the anterior-inferior border
of the CC and one AND-ROI in the occipital lobe at the level of the sagittal stratum. The UF
was defined using two AND-ROISs, one located in the frontal lobe 1 cm anterior to the CC, and
one located in the temporal lobe at the level of central pons. In addition, a NOT-ROI was
placed in the midsagittal plane, as well as posterior to the UF In addition, for the SLF, the ILF,
the IFOF and the UF, a NOT-ROI was placed in the midsagittal plane. The CST was defined
using one AND-ROI located in the thalamus and a second AND-ROI located in the motor cor-
tex at the level of the hand area.

The average parameter estimates for each WM tract were used in the subsequent analysis.
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Statistical analysis

Statistical analysis was performed with SPSS Statistics 20 for Windows (IBM Corporation,
Somers, NY, USA). Using the Mann-Whitney U test, comparisons of demography, clinical cat-
egorical variables and dMRI parameters were performed for: PD vs. HC, PIGD vs. TD, PD vs.
PSP as well as PD vs. MSA. Correlations between diffusion parameters and clinical scores were
tested for using Spearman’s rho (R;). Proportions were compared using Pearson’s chi-squared
test. For the dMRI parameter comparisons that came out significant using non-parametric test-
ing, a one-way analysis of covariance (ANCOVA) was also conducted in order to control for
the effects of gender and age. MD in the thalamus, MK and FA in the putamen, MD and f;, in
the SLF, and f,. in CST were all non-normally distributed, hence logarithmic transformation
was performed before analysis with ANCOVA. The significance level was set to 0.05. In addi-
tion, the effect sizes were calculated for significant changes in dMRI parameters.

Univariate binary logistic regression analysis was performed to study the ability of DKI
measures to distinguish PD from HC. Based on the ANCOV A, significantly different dMRI
parameters were assigned to binary logistic regression analysis. The model where PD was com-
pared to HC was adjusted for age and sex. Adjusting for sex was performed since the patient
group had a larger proportion of men. To assess the usefulness of DKI as a diagnostic tool for
individual cases, the sensitivity, specificity and the optimal cutoff level of the DKI values were
calculated for selected regions with receiver operator characteristic curve analysis (ROC). Mul-
tiple comparison correction was not applied in this explorative study.

Results
Demographics

Demographics for the HC and PD groups are given in Table 1. The PD and HC groups did not
differ significantly by age, but there was a significant difference in gender distribution (Pear-
son’s ¢* = 5.4, p < .05), with a higher proportion of men in the PD group. The PIGD group per-
formed worse on tests reflecting gait and balance (timed up and go and tandem gait tests) and
a cognitive function (AQT) compared to the TD group.

Table 1. Demographic data and biomarker levels for the diagnostic groups.

HC(n=44) |PD(n=105) [p-value(PDvs.HC) |PIGD(n=47) |TD(n=50) |p-value (PIGD vs.TD)
Gender female: male 25:19 61:44 0.022 20:27 15:35 0.072
Age (years) 66+8 66+ 11 0.475° 66+ 11 66 +11 0.767°
Disease duration (years) ND 54 5+5 5+3 0.266 °
Hoehn and Yahr stage ND 21 21 21 0.001°
Schwab and England 100 909 <0.001° 8711 93+6 0.001°
UPDRS-IIl motor score 242 1310 <0.001° 1311 138 0.734°
Tandem gait test “on” 0.21£0.5 0.66 £ 1 0.006° 0.96+1.2 0.34+0.6 0.005°
Timed up and go test “on” (seconds) | 8+1 10£2 <0.00° 10+3 9+2 0.031°
MMSE score 28:2 28+2 0.887° 282 281 0.731°
Memory delayed recall (ADAS-Cog) |2+2 4+7 0.031° 3+3 3+2 0.901°
AQT 61+14 70+18 0.011° 73122 67+15 0.024°

Values are given as mean +SD. UPDRS-III, Unified Parkinson’s disease rating scale motor part; MMSE, Mini Mental State Examination test; ADAS-Cog,
Alzheimer's Disease Assessment Scale; AQT, the Quick Test of Cognitive Speed (AQT) test; HC, healphy controls; PD, Parkinson’s disease; PIGD, postural
instability gait difficulty; TD, tremor dominant; SD, standard deviation; ND, not done.

2 Pearson’s chi-square
© Mann-Whitney U test.

doi:10.1371/journal.pone.0157755.t001
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Differences in dMRI parameters in PD compared to HC

Table 2 shows the comparisons in GM structures between PD and HC. In the putamen, MD
was increased with 8% and FA was decreased with 9% in PD compared to HC (Mann-Whitney
U'test, p < .003; ANCOVA, p < .005). The PD group also exhibited a 6% decrease of the MK
in the putamen compared to HC (Mann-Whitney U test, p < .05; ANCOVA, p < .001). In the
thalamus, MD was increased with 4%, and FA was decreased with 3%, in PD compared to HC
(Mann-Whitney U test, p < .05; ANCOVA, p < .001, p < .05, respectively). There were no sig-
nificant age- and gender-adjusted differences in dMRI parameters in the caudate head or the
pons between the two groups. There were no significant differences (p < .05, ANCOVA) in
NDI parameters in the caudate head, thalamus, putamen, and pons found in PD. In the caudate
head, the f;;, was decreased with 2% and in the thalamus, f;;, was increased with 2% in PD

(p < .05, Mann-Whitney U test, p > .05, ANCOVA).

Table 2. Diffusion magnetic resonance measures in patients with Parkinson’s disease (PD) and healthy controls (HC). The PD group was also
divided into those with postural instability and gait difficulty (PIGD) and tremor-dominant (TD) phenotypes.

Structure Parameter |HC(n=44) |[PD(n=105) |p-value®(PDvs.HC) |PIGD(n=47) |TD(n=50) |p-value?(PIGD vs.TD)
Substantianigra | FA 0.64+0.10 0.62+0.11 0.571 0.62+0.1 0.62 +0.11 0.971
Caudate head FA 0.23+0.04 0.22+0.04 0.390 0.22+0.03 0.23 +0.04 0.170
Putamen FA 0.23+0.04 0.20+0.03 0.001° 0.20+0.33 0.21+0.03 0.170
Thalamus FA 0.37 +£0.02 0.36 +0.02 0.032° 0.36 +0.02 0.36 +0.02 0.683
Pons FA 0.52 +0.02 0.51+0.02 0.524 0.51+0.03 0.51+0.02 0.829
Substantianigra | MD 0.45+0.12 0.48+0.12 0.251 0.49+0.1 0.48+0.12 0.885
Caudate head MD 0.80+0.12 0.83+0.14 0.138 0.84+0.15 0.82+0.14 0.269
Putamen MD 0.78+0.10 0.80+0.14 0.003° 0.88+0.17 0.81+0.10 0.009 °
Thalamus MD 0.77 +£0.05 0.80+0.05 <0.001° 0.82+0.05 0.80 +0.05 0.052
Pons MD 0.70 +0.04 0.71+0.05 0.165 0.71+0.05 0.70 +0.05 0.549
Substantia nigra | MK ND ND ND ND

Caudate head MK 0.92+0.11 0.95+0.11 0.253 0.94+0.10 0.94+0.11 0.776
Putamen MK 1.24+0.19 1.16+0.15 0.024° 1.12+0.13 1.18+0.17 0.101
Thalamus MK 1.19+£0.09 1.16£0.10 0.066 1.15+£0.10 1.17+£0.10 0.569
Pons MK 1.52+0.11 1.55+0.15 0.238 1.53+0.15 1.57+0.16 0.356
Substantia nigra NDI f, ND ND ND ND

Caudate head NDI fic 0.66 + 0.08 0.62+0.15 0.168 0.60+0.15 0.63+0.16 0.330
Putamen NDI fic 0.77+0.13 0.74+0.12 0.119 0.73+0.11 0.74+0.12 0.762
Thalamus NDI f,c 0.72+0.07 0.72+0.07 0.874 0.72+0.07 0.73+0.07 0.423
Pons NDI fic 0.94 +0.05 0.95+0.04 0.123 0.95 +0.04 0.95 +0.04 0.979
Substantia nigra NDI figo ND ND ND ND

Caudate head NDI fiso +0.08 0.10+0.08 0.038 0.01+0.09 0.01£0.08 0.539
Putamen NDI fiso 0.11+0.08 0.12+0.09 0.987 0.13+0.11 0.11+0.08 0.569
Thalamus NDI fiso 0.09+0.04 0.11+0.03 0.024 0.11+£0.04 0.10+0.03 0.784
Pons NDI fiso 0.10+0.03 0.11+0.03 0.122 0.11+0.03 0.11+0.03 0.445

MD [107-9 m"2/s]. Values are given as mean + SD. FA, fractional anisotropy; MD, mean diffusivity; MK, mean kurtosis; NDI f;s, and f;, neurite density

imaging measures; ND, not done.

2p, Mann-Whitney U test.
°p < .05, ANCOVA (age/gender adjusted).

°p <.05, ANCOVA (age adjusted).

P-values given in bold were significant when both using Mann-Whitney U test and ANCOVA.

doi:10.1371/journal.pone.0157755.t002

PLOS ONE | DOI:10.1371/journal.pone.0157755  June 30, 2016 8/19



PPy °
@ PLOS ‘ ONE Kurtosis and Parkinson's Disease

Table 3. Diffusion kurtosis imaging measures in white matter structures in patients with Parkinson’s disease (PD) and healthy controls (HC).

Region Parameter HC (n=44) PD (n=105) p-value *(PD vs. HC)
Cingulum anterior FA 0.35+0.03 0.34 +0.05 0.927
Cingulum posterior FA 0.49+0.03 0.49+0.03 0.987
Cingulum hippocampus FA 0.38 +0.03 0.40+0.04 0.041
Fornix FA 0.30 £ 0.04 0.30 £ 0.04 0.753
Corpus callosum FA 0.55+0.03 0.56 +0.04 0.280
SLF FA 0.46 +0.03 0.46 £ 0.03 0.731
ILF FA 0.45 +0.04 0.44 +0.05 0.070
IFOF FA 0.51+0.03 0.50 +0.08 0.148
Uncinate Fasciculus FA 0.39+0.03 0.39£0.03 0.224
CST FA 0.40+0.12 0.38+0.13 0.141
Cingulum anterior MD 0.90 £ 0.05 0.89+0.10 0.874
Cingulum posterior MD 0.80+0.04 0.81+£0.05 0.208
Cingulum hippocampus MD 0.87 £0.07 0.88 +0.07 0.728
Fornix MD 1.75+0.24 1.73+0.25 0.744
Corpus callosum MD 1.26+£0.11 1.26+0.12 0.698
SLF MD 0.81+0.05 0.84 +0.05 0.019°
ILF MD 0.97 +0.10 0.99+0.13 0.034
IFOF MD 0.95 +0.06 0.95+0.15 0.254
Uncinate Fasciculus MD 0.91£0.06 0.94 £0.07 0.063
CST MD 0.68+0.19 0.67 +0.24 0.057
Cingulum anterior MK 0.84 +0.06 0.83+0.10 0.914
Cingulum posterior MK 1.09 £0.07 1.09+0.08 0.607
Cingulum hippocampus MK 1.00 £ 0.08 1.01+0.09 0.275
Fornix MK 0.77 +£0.08 0.79 +0.07 0.179
Corpus callosum MK 0.90 +0.06 0.91 +0.06 0.397
SLF MK 1.18+£0.05 1.17+£0.06 0.234
ILF MK 1.02+0.06 1.00+0.12 0.454
IFOF MK 1.01+0.04 1.00+0.16 0.970
Uncinate Fasciculus MK 1.03+0.05 1.02+0.06 0.379
CST MK 1.16 £0.06 1.14+0.14 0.429

MD [107-9 m"2/s]. Values are given as mean + SD. ILF, inferior longitudinal fasciculus; IFOF, inferior fronto-occipital fasciculus; SLF, superior longitudinal
fasciculus; CST, corticospinal tract; FA, fractional anisotropy; MD, mean diffusivity; MK, mean kurtosis; NDI f,s, and fi;, neurite density imaging measures.
2 p, Mann-Whitney U test.

®p < .05, ANCOVA (age and gender adjusted).

P-values given in bold were significant when both using Mann-Whitney U test and ANCOVA.

doi:10.1371/journal.pone.0157755.t003

The comparisons in WM tracts between PD and HC are presented in Tables 3 and 4. In
SLF, the MD was increased with 4% and fi, was increased with 9% (Mann-Whitney U test and
ANCOVA, p < .05) in PD. In CST, f,c was significantly decreased with 3% (Mann Whitney U
testand ANCOVA, p < .05 both) (Table 4).

Differences in dMRI parameters in PIGD compared to TD

The comparisons in GM structures between PIGD and TD are shown in Table 2. Compared to
TD, patients with the PIGD phenotype exhibited a 7% increase in MD in the putamen (Mann-
Whitney U test, p < .01). The difference remained significant after adjusting for age
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Table 4. Neurite ity il ing (NDI) es in white matter structures in patients with Parkinson’s disease (PD) and healthy controls (HC).
Region Parameter HC (n=44) PD (n=105) p-value ® (PD vs. HC)
Cingulum anterior NDI fi 0.58+0.10 0.57 £0.07 0.340
Cingulum posterior NDI fi 0.71+0.12 0.72+0.06 0.582
Cingulum hippocampus NDI fic 0.72+0.13 0.75+0.07 0.658
Fornix NDI fi 0.71+£0.09 0.72+0.1 0.472
Corpus callosum NDI fi 0.76+0.13 0.76 +0.09 0.675
SLF NDI f, 0.72+0.04 0.70+0.09 0.351
ILF NDI f;, 0.64 +0.05 0.62 +0.08 0.167
IFOF NDI f;, 0.65 + 0.04 0.64 +0.08 0.184
Uncinate Fasciculus NDI f,, 0.64 +0.04 0.63 +0.06 0.225
csT NDI e 0.73+0.04 0.71+0.06 0.043°
Cingulum anterior NDI fiso 0.11+£0.03 0.10+0.03 0.268
Cingulum posterior NDI fis 0.10+0.03 0.10+0.03 0.484
Cingulum hippocampus NDI fis 0.14+0.04 0.14+0.04 0.923
Fornix NDI fis 0.50 +0.09 0.49+0.11 0.724
Corpus callosum NDI fiso 0.29 +0.04 0.29 +0.05 0.690
SLF NDI figo, 0.11+0.03 0.12+0.03 0.030°
ILF NDI fiso 0.15+0.04 0.16+0.04 0.134
IFOF NDI fis 0.14+0.03 0.15+0.03 0.226
Uncinate Fasciculus NDI fiso 0.13+0.03 0.14+0.03 0.112
CST NDI fiso 0.11+0.03 0.12+0.03 0.060

Values are given as mean + SD. ILF, inferior longitudinal fasciculus; IFOF, inferior fronto-occipital fasciculus; SLF, superior longitudinal fasciculus; CST,
corticospinal tract; FA, fractional anisotropy; MD, mean diffusivity; MK, mean kurtosis; NDI f,s, and fic, neurite density imaging measures.

2 p, Mann-Whitney U test.

°p < .05, ANCOVA (age and gender adjusted). P-values given in bold were significant when both using Mann-Whitney U test and ANCOVA.

doi:10.1371/journal.pone.0157755.1004

(ANCOVA, p < .05). There were no differences in dMRI parameters in the analyzed WM
tracts between the two groups (data not shown).

Correlations between clinical scores and dMRI parameters in PD

Next we analyzed correlations between the dMRI parameters that were changed in PD com-
pared to HC (according to the analyses above) with clinical measures of motor and cognitive
function.

Putamen: Increased MD correlated significantly with a worse motor function, as measured
by H&Y (R, = .297, p < .005), UPDRS-III motor score (R =.192, p < .05), tandem gait
(Ry =.439, p <.001), and timed up and go (R = 443, p < .001) tests (Fig 2).

MK correlated negatively with the disease duration (R, = —.206, p < .05). Furthermore,
increased MD correlated with impaired cognitive speed and attention, as measured by AQT
(Ry =219, p < .05). Decreased MK was associated with reduced memory performance, as mea-
sured by ADAS-Cog item 3 (R, = .258, p < .01). In summary, a high MD and a low MK in the
putamen are associated with more severe motor and cognitive symptomatology.

Thalamus: Increased MD correlated significantly with a worse motor speed and balance, as
measured by the Hand test (R; = —.243, p < .05), tandem gait and timed up and go tests
(Rg =222, p = .05 and R, =399, p < .001, respectively, Fig 2). Decreased FA also correlated
negatively with timed up and go test (R, = —.226, p < .05).
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Fig 2. Correlation between mean diffusivity (MD) in the putamen, thalamus and superior longitudinal fasciculus (SLF) with the time up and go
test score and between the MD in the SLF with Unified Parkinson’s disease rating scale motor part (UPDRS-III) score. A moderate positive
correlation was found between MD in the putamen, thalamus and SLF and time up and go test score. A moderate positive correlation was found between
the MD in the SLF and UPDRS-IIl scale score. Rg, Spearman’s rho.

doi:10.1371/journal.pone.0157755.g002

SLF: Increased MD correlated significantly with the worsening of the motor function, as
measured by H&Y, UPDRS-III motor score, tandem gate, timed up and go tests and the cogni-
tive function, as measured by AQT and ADAS-Cog (R, = .204-358, p < .05). Increased f;, cor-
related significantly with the worsening of the motor function, as measured by tandem gate
and timed up and go tests and the cognitive function, as measured by ADAS-Cog (R, = .205-
325, p < .05). Increased f;, correlated significantly with the worsening of the cognitive function
as measured by MMSE (R = —.202, p < .05). In the caudate head and thalamus, f;,, did not cor-
relate neither with disease duration nor with clinical scales.
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Table 5. Differences between patients with Parkinson's disease (PD) and cases with progressive supranuclear palsy (PSP) or multiple system

atrophy (MSA).

PD (n =105) PSP (n=10) MSA (n=11) p-value (PD vs PSP) p-value (PD vs MSA)
Gender female: male 44: 61 5:5 5:6 1.000 2 05272
Age (years) 66+ 11 73+6 63+10 0.037 0.302
Disease duration (years) 5+4 72 64 0.051 0.299
Hoehn and Yahr 21 41 41 <0.001 <0.001
Schwab and England 90+9 58+35 67 +22 <0.002 <0.001
UPDRS-IIl motor score 13+10 3914 34+19 <0.001 <0.001
FA putamen 0.20+0.03 0.23+0.06 0.26 +0.03 0.053 <0.001 °
MD putamen 0.80+0.14 0.88+0.33 0.83+0.15 0.275 0.276
MK putamen 1.14£0.15 1.35+0.25 1.34+0.17 0.012° 0.001 °
FA thalamus 0.36+0.02 0.34+0.04 0.35+0.01 0.204 0.034°
MD thalamus 0.80+0.05 0.87+0.11 0.84 +0.06 0.044° 0.08
MD SLF 0.84+0.05 0.89+0.09 0.84 +0.04 0.024° 0.984
NDI f;c CST 0.71+0.06 0.69 +0.07 0.71+0.04 0.473 0.875
NDI fiso SLF 0.12+0.03 0.12+0.01 0.13+0.04 0.164 0.638

MD [107-9 m"2/s]. Values are given as mean + SD. UPDRS-III, Unified Parkinson’s disease rating scale motor part; FA, fractional anisotropy; MD, mean
diffusivity; DKI, Diffusion Tensor Imaging; dMRlI, diffusion magnetic resonance imaging; SLF, superior longitudinal fasciculus; CST, corticospinal tract; NDI

fiso @nd fic, neurite density imaging measures; SD, standard deviation.

2 Pearson’s chi-square. p-value, Mann-Whitney U test.

° PD/PSP,
°PD/MSA,

p <.05, ANCOVA (age adjusted). P-values given in bold were significant when both using Mann-Whitney U test and ANCOVA.

doi:10.1371/journal.pone.0157755.t005

Differences in dMRI parameters in PD compared to PSP or MSA

To study whether the observed differences in dMRI parameters were specific for PD, we also
investigated the same parameters in patients with PSP and MSA and compared these values to
the ones obtained in the PD group. The results are given in table 5. In summary, only FA and
MK of putamen seem to be specifically changed in PD where both these parameters are
reduced indicating microstructural damage. All of the other changes observed in PD were also
found to be changed in PSP and MSA in the same direction and often even more pronounced

such as MD in the thalamus or putamen.

Diagnostic accuracy of the studied dMRI parameters in identification of

PD

Based on the ANCOVA test, the univariate binary logistic regression analysis were performed
in order to test the potential of dMRI parameters for the differential diagnosis of PD vs. HC.
MD and MK in the putamen were included in the models, see Statistical analysis. A summary
of the results is shown in S1 Table. Logistic regression analysis confirmed that the MD and
MK in the putamen could significantly (p < .05) discriminate PD from HC. The sensitivity
and specificity for these parameters, calculated using a ROC curve analysis, showed the opti-
mal cutoff level of 0.79 for MD and of 1.18 for MK in putamen (with an area under the ROC
curve of 0.62-0.65) to discriminate PD from HC with a sensitivity and specificity of around

60%.
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Discussion

We investigated disease-specific structural changes in deep grey matter and white matter in
patients with PD. In this cohort with 105 patients with PD and 44 healthy controls, we found
that MD in the thalamus was increased and FA was decreased in PD. These parameters corre-
lated significantly with the worsening of motor speed and balance. In the putamen, MD was
increased and FA and MK were decreased in PD. These changes were associated with worsen-
ing of motor speed, balance, and cognitive function. Further, in the white matter of PD
patients, MD and fig, in the SLF were increased and correlated significantly with worsening of
motor speed, balance, and cognitive function. Further, we found that MD in the putamen was
increased in PIGD compared to the TD. However, most changes except those of MD and MK
in the putamen were not specific to PD but also found in MSA or PSP.

The present results confirm those of recent DTI studies showing that the increased MD
and decreased FA in the thalamus and putamen can be found in patients with PD [12-16,
63]. Nevertheless, DTI studies have shown inconsistent results regarding the microstructural
alterations in these regions, as there are some studies that showed no changes in dMRI mea-
sures in the striatum between controls and PD patients [17, 18]. Nicoletti et al. [17] investi-
gated 16 patients with PD and 15 HC. Paviour et al. [18] investigated only 12 PD and 7 HC.
These limited statistical power due to the small group sizes may explain why no effects were
found in these studies. Szczepankiewicz et al. [64] showed that group sizes above 15 are
required to detect effects of 5% with a power of 90% in large tract structures. Smaller ROIs,
and lower SNR at 1.5 T, as was used in these studies, would lead to ever stronger requirements
on group size to attain sufficient power. Thus these inconsistencies in the results may be due
to differences in sample size and sample characteristics, as well as methodological differences
between ROI analysis and voxel-based analysis. However, the present results indicate that
there are indeed significant, although not very prominent, dMRI changes in the putamen and
thalamus in PD, which may be related to progressive degeneration of nigrostriatal dopami-
nergic neurons. Our study did not find FA difference in any WM region between groups, and
only found elevated MD and f;, in SLF and reduced f;. in CST in patients with PD compared
to HC (Table 4). The reason for this discrepancy is not clear. That fact that our study did not
find FA difference in any region between groups and only found the MD alteration is in line
with the previous report that used Tract-Based Spatial Statistics (TBSS) analysis [63]. Other
TBSS study reported only the FA alteration in WM in PD patients [65]. We therefore now
caution the interpretation of these findings. In fact, the SLF is composed of 4 bundles of
axons, connecting multiple frontal and prefrontal regions with superior temporal and parietal
areas [66]. As a consequence of its structural heterogeneity, it is related to a range of premo-
tor, motor, visuospatial, and auditory functions [66]. This probably can explain the clinical
correlations we found with dMRI alterations in SLF. Previous studies have indeed found cor-
relation between SLF and deficits in premotor functions and visuospatial perception in PD
[67-70].

We did not find any clear diagnostic utility of measuring of MD and FA in the caudate
nucleus, putamen, globus pallidus or substantia nigra when identifying PD. This finding is
partly in agreement with Wang et al. [24]. Further, Kamagata et al [65], showed reduced MK in
the frontal, parietal, occipital, right temporal white matter, posterior corona radiata and SLF in
a PD group compared with a control group when using tract-based spatial statistics. these
changes were not observed in the present study. However, the PD patients in the present study
had less motor symptoms and/or shorter disease duration, which could explain these discrep-
ancies. Considered together, the results might suggest that alterations of MK in basal ganglia
and white matter probably might not improve the diagnostic work-up of early PD. However,
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such alterations may be are related to the disease severity of PD since we found that MK of
putamen in PD patients correlate with disease duration and congnitive performance.

The clinical heterogeneity of PD is well recognized [6-8]. Early postural instability and gait
involvement in PIGD dominant PD has been associated with a worse prognosis for motor and
cognitive function, whereas the TD form of PD might be more benign [6-8]. Our results
showed that MD in the putamen was increased in PIGD when compared to the TD. One possi-
ble explanation for the differences between the PIGD and TD might be the distinctly different
patterns of neurodegeneration. In a study by Jellinger et al. 7] patients with PIGD demon-
strated more severe cell loss in the ventrolateral part of SNpc, which projects to the dorsal puta-
men. One can speculate that pathology at the substantia nigra level could affect the discharge
to the putamen as well as the degree of the subtle diffusion changes of putamen. Potentially 7
Tesla MRI that could assay more subtle changes in grey matter organization, and assessment of
the alignment of fibers in white matter by novel dMRI techniques [64] might add some of the
evidence. Even though we found several changes in dMRI in putamen, thalamus and SLF in
PD, these changes were quite modest compared to controls and most of these changes were
also observed in MSA or PSP. Consequently, we believe that dMRI of white matter tracts or the
grey matter of the basal ganglia are unlikely to be used in the clinic to reliably detect early PD.
However, it is intriguing that almost all dMRI abnormalities in PD correlate significantly with
motor and cognitive function. Especially increased MD in putamen, thalamus and SLF was
associated with worse motor functions (UPDRS-III motor score, tandem gate, and timed up
and go test) as well as with worse cognitive function (MMSE, AQT, and memory delayed recall
part of ADAS-cog), suggesting that better microstructural integrity as measured by diffusion
MRI correlates with better clinical function. Several potential disease-modifying therapies for
PD, like immunotherapy against a-synuclein, are currently being developed [71]. It will be
very important to establish methods that objectively and reliably can tract the disease progres-
sion over time to be able to evaluate the effects of such treatments. Maybe dMRI in the basal
ganglia could be included in such analyses, besides PET imaging of the integrity dopaminergic
neurons, since the intersubject variability in dMRI parameters is much larger than the intra-
subject variability [64]. However, longitudinal studies in PD evaluating the change in dMRI
over 2-4 year is needed before such conclusions can be drawn.

The data reported in present study suggested that NDI measures in the basal ganglia are not
useful for detection of PD patients. However, we did not assess NDI in the substantia nigra,
because the low SNR in the substantia nigra was suspected of causing artificial changes in NDI.
Using NODDI, Kamagata et al. [72] found lower Vi (f, in our study) in the contralateral sub-
stantia nigra part compacta (SNpc) and putamen in PD patients. V;c might be an indirect mea-
sure of nigrostriatal microstructural changes such as cell loss, morphological changes in
dendritic length, and loss of dendritic spines and could be associated with disease severity in
PD [72], indicating that NODDI in the substantia nigra might be useful for early diagnosis of
PD as well as assessment of its subsequent progression. However, achieving sufficient SNR for
accurate quantification of the neurite density in this iron-rich structure is challenging.

There are limitations with the study. The data was obtained in 2.3x2.3x2.3 mm® voxels. The
rather large voxel size implies that partial volume effects may be present in spite of efforts to
avoid inclusion of surrounding structures during ROI placement. Another limitation was that
the significance threshold was not corrected for multiple comparisons. This omission was
motivated by the explorative nature of this study where we wanted to minimize the type II
error rate. Furthermore, correcting for multiple comparisons would only strengthen the main
conclusion that the magnitude of dMRI changes in PD are too small to be used to reliably
detect early PD in a clinical setting. In addition, the analyses of disease stage-related micro-
structural changes dMRI is cross-sectional and need to be replicated and confirmed in
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longitudinal studies. Lastly, the ROIs were drawn manually by one author, and therefore the
reproducibility of the measurements was uncertain. Rater bias was prevented by blinding, and
the intra-rater variability coefficient was larger than 0.9 for all ROIs.

Conclusions

The present study shows significant changes in dMRI parameters in the putamen, thalamus
and SLF in PD. Most of the changes were modest in magnitude, and dMRI is unlikely to be use-
ful in order to reliably detect early PD. However, changes in dMRI parameters correlated with
worse motor and cognitive function in PD. Consequently, future longitudinal studies are
needed to determine whether dMRI can be used to reliably track the disease progression of PD,
and thereby might be of used in clinical trials, evaluating novel therapies with potential dis-
ease-modifying effects.

Supporting Information

S1 Fig. The correlation between the signal-to-noise ratio of globus pallidus relative to white
matter and the mean diffusivity. PAL, globus pallidus; MD, mean diffusivity; SNR, signal-to-
noise ratio. Lower values of MD were clearly associated to lower SNR.

(TIF)

S1 File. Increased iron in substantia nigra reduces the signal-to-noise ratio.
(DOCX)

S1 Table. Use of DKI parameters in differential diagnosis. Mean diffusivity (MD, 10A9
mmA2/s) and mean kurtosis (MK), differentiating patients with Parkinson disease (PD) from
healthy controls (HC); PD from patients with progressive supranuclear palsy (PSP) and multi-
ple system atrophy (MSA). AUC, area under curve; DKI, diffusion kurtosis imaging; ROC,
receiver operating characteristic analysis. *Significant differences between PD vs HC and PD vs
PSP and MSA, p < 0.05, using binary logistic regression, adjusted for age and sex (PD vs HC)
and adjusted for age (PD vs PSP and MSA).

(DOCX)
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Abstract

Purpose In Parkinson’s disease (PD), pathological microstructural changes occur that may be detected using diffusion magnetic
resonance imaging (AMRI). However, there are few longitudinal studies that explore the effect of disease progression on diffusion
indices.

Methods We prospectively included 76 patients with PD and 38 healthy controls (HC), all of whom underwent diffusion kurtosis
imaging (DKI) as part of the prospective Swedish BioFINDER study at baseline and 2 years later. Annualized rates of change in
DKI parameters, including fractional anisotropy (FA), mean diffusivity (MD), and mean kurtosis (MK), were estimated in the
gray matter (GM) by placing regions of interest (ROIs) in the basal ganglia and the thalamus, and in the white matter (WM) by
tract-based spatial statistics (TBSS) analysis.

Results When adjusting for potential confounding factors (age, gender, baseline-follow-up interval, and software upgrade of
MRI scanner), only a decrease in FA in the putamen of PD patients (3=—0.248, P < .01) over 2 years was significantly different
from the changes observed in HC over the same time period. This 2-year decrease in FA in the putamen in PD correlated with
higher L-dopa equivalent dose at baseline (Spearman’s rho =.399, P <.0001).

Conclusion The study indicates that in PD microstructural changes in the putamen occur selectively over a 2-year period and can

be detected with DKI.

Keywords Parkinson’s disease - Diffusion kurtosis imaging - Tractography - Tract-based spatial statistics
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Introduction

Parkinson’s disease (PD) is an incurable disorder that af-
fects about ten million people worldwide [13]. There is a
need for objective methods to track the disease progression
over time in the symptomatic phase of patients with PD, to
be used when evaluating novel disease-modifying thera-
pies. Although longitudinal studies using positron emis-
sion tomography (PET) have been conducted in PD [29],
radiation risk, cost, and infrastructural support limit their
clinical utility. Diffusion magnetic resonance imaging
(dMR]) is a non-invasive and widely accessible imaging
modality, which makes it suited for longitudinal studies. A
few studies have indicated that diffusion tensor imaging
(DTI) might have a potential to track the disease progres-
sion in patients with PD [24, 28, 46]. Diffusion kurtosis
imaging (DKI) is an extension of DTI [15] that has been
suggested to be more sensitive in detecting and differenti-
ating alterations of tissue microstructure [3, 47] and in PD
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patients [17, 45]. However, DKI tends to show inconsistent
results in brain regions involved in the basal ganglia circuit
in PD. Cross-sectional studies in patients with PD have
reported increased mean diffusional kurtosis (MK) in basal
ganglia, thalamus, and sensorimotor cortex [20, 43, 45],
lower MK in white matter (WM) regions [17, 18], or no
differences in MK in WM and deep gray matter in PD [37].
DKI has also been suggested as being sensitive to alpha-
synuclein accumulation in transgenetic mice [21].
However, there are to our knowledge no longitudinal
DKI studies available in PD.

To investigate the link between diffusional changes and
PD progression and to distinguish between the concomi-
tant effects of normal aging and disease evolution over
time, a longitudinal approach involving both PD patients
and normal subjects is the most appropriate study design.
Investigation of the longitudinal cerebral alterations occur-
ring in PD ideally includes baseline and follow-up data
[23] using the same MRI scanner.

Thus, a 2-year prospective and longitudinal study was
conducted on a cohort of PD patients and controls. A
follow-up period of approximately 2 years is often used
in trials evaluating novel disease-modifying therapies in
neurodegenerative disorders such as PD. Effects of disease
progression and normal aging on DKI measures in the bas-
al ganglia, the thalamus, and cerebral WM tracts were in-
vestigated. Our specific aim was to determine whether
there are specific DKI changes over time in PD patients
when compared to healthy elderly over a 2-year time
period.

Materials and methods
Ethics statement

This study was approved by the Ethics Committee at Lund
University and performed in accordance with the Helsinki
Declaration. All participants gave written informed consent
prior to participation.

Participants

In this case-control study, participants were recruited from the
Neurology Clinic at Skane University Hospital, Sweden, as
part of the prospective and longitudinal Swedish BioFINDER
study (www.biofinder.se) [12]. As of November 2016, 229
individuals had been included in the Parkinson sub-study of
BioFINDER, of which 67 did not perform DKI at baseline,
39 did not perform DKI during follow-up, and 8 cases did not
pass QC (Online Resource 1). Consequently, we included 76
patients with PD and 38 healthy controls. For the present
work, 76 subjects were included with a clinical diagnosis of
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probable PD. The diagnosis was made by neurologists trained
in movement disorder diagnostics according to the National
Institute of Neurological Disorders and Stroke (NINDS)
criteria of PD [10]. Neurologically healthy controls (HC),
who did not have any objective cognitive or parkinsonian
symptoms, were also recruited (n=38). All 114 subjects
had clinical assessments and were scanned on two occasions
on average 25.3 months apart, with a standard deviation of 4.
3 months. Motor function and disease stage were evaluated
using, e.g., Unified Parkinson’s disease rating scale motor
part (UPDRS-III) [7] and Hoehn and Yahr staging scale
(H&Y) [14]. The total score from the motor section of the
UPDRS III was broken down into subscales for bradykinesia,
rigidity, tremor, gait posture [32]. Cognitive assessments were
conducted by trained physicians using a Mini Mental State
Examinations (MMSE) [9]. To ensure standardization, as-
sessments were conducted during patients “on” medication
state, or fully responding to their PD medications (in the “on”
state). The daily L-dopa equivalent dose (LEDD) was calcu-
lated (Table 1) [39]. At the time of testing, none of the pa-
tients exhibited any dyskinesia, dystonia, or other signs of
involuntary movement.

MRI data acquisition

Imaging was performed on a 3 T Siemens Magnetom
Skyra MR scanner equipped with a 20 channel head coil.
The dMRI protocol comprised 99 DWI volumes, where the
choice of b-values and encoding directions was inspired by
Poot et al. [31]. In total, three volumes were acquired with
b=0 s/mmz, while the remaining 96 volumes were ac-
quired using b-values of 250, 500, 1000, and 2750 s/
mm?, distributed over 6, 6, 20, and 64 directions, respec-
tively. A single-shot spin-echo with mono-polar diffusion
encoding and EPI read-out was used for the acquisition
with the following settings: voxel size=2.3 x2.3 x
2.3 mm’, FOV =294 x 294 x 120 mm?, iPAT =2, and par-
tial Fourier factor = 6/8. The imaging volume comprised 52
contiguous axial slices adjusted to include the whole cere-
brum. Total acquisition time was approximately 14 min.
The study was initiated with the scanner on software ver-
sion Syngo MR D11, but was later upgraded to version
D13, and later again to E11. The upgrades resulted in slight
changes of the repetition time (TR) and echo time (TE).
For the D11, D13, and E11 versions, TR was set to 7500,
8100, and 8100 ms, respectively, while TE was set to 103,
103, and 104 ms, respectively. Some participants were
scanned on baseline with D11 and on follow-up with D13
(28 HC and 41 PD), some made both baseline and follow-
up scans on D13 (10 HC and 12 PD), while others made
baseline scans on D13 and follow-up on E11 (23 PD). This
was corrected for in the analysis, as described under the
“analysis” section.
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Table 1 Subject characteristic

Healthy controls (n =38) Parkinson’s patients (n = 76)

Baseline Year 2 Baseline Year 2 Group effect Time effect Interaction
Age, years 66.4 (8.1) - 65.0 (10.8) - .801 — -
Sex (male/female) 16:22 - 52:24 - .009 — -
dMRI interval, month - 259 (2.3) - 25.3 (4.3) 414 - -
Disease duration, years — - 5.5(3.6) 7.5 (3.6) - <.001 -
Bradykinesia 0(.0) 0(.0) 7(0.7) 8(9) <.001 360 .360
Rigidity 5(9) 1(4) 1.8(2.5) 1.9 2.5) <.001 383 293
Tremor .0(3) 1(4) 3.8(3.3) 3.1(3.1) <.001 256 221
Gait/posture 0(2) 0(2) .6 (1.0) 8(1.1) <.001 313 313
Hoehn and Yahr stage - - 1.8 (.6) 2.0(.9) - 237 -
UPDRS motor, score 1.4 (25) 1.722) 12.5 (8.6) 14.0 (10.3) <.001 215 .347
MMSE, score 28.2(1.6) 29.0(1.2) 29.2 (4.5) 293 4.7) 390 .006 .024
LEDDroraL, mg - - 527.4 (374.9) 705.8 (350.6) - <.001 -

UPDRS-III unified Parkinson’s disease rating scale motor part, MMSE Mini Mental State Examination test, LEDD daily L-dopa equivalent dose

Post-processing

Motion and eddy-current distortions were corrected using
volume registration to extrapolated references, which is a
method particularly well suited for high b-value data ac-
quired in elderly subjects with atrophy [26]. In this proce-
dure, the diffusion-weighted images were modulated with
the Jacobian determinant of the transformation matrix [16].
In order to mitigate the potential effects of Gibbs ringing
artifacts, image volumes were smoothed using an isotropic
3D Gaussian kernel with a full-width at half maximum of
2.3 mm [19, 30, 41]. Smoothing with a kernel of this size
has little effect on sensitivity and specificity [40] and is
thus not expected to significantly influence the parameter
precision. DKI analysis was performed to obtain maps of
fractional anisotropy (FA), MK, and mean diffusivity
(MD), using in-house developed software which fitted the
diffusion and kurtosis tensors by non-linear optimization
as in [22]. The fitting only allowed positive values of the
diffusion tensor eigenvalues. In a small number of voxels
where the kurtosis was below zero, the fitting was repeated
after additional smoothing was performed.

Longitudinal change was assessed in maps produced by
coregistering by registering the data from the two time points.
To reduce measurement bias, baseline and follow-up FA vol-
umes were both registered to a subject-specific time-averaged
template, after which the transform from the FA registration
was applied to other contrasts. The template was created by,
for each subject, computing and applying the transform that
took the baseline volume half-way to the follow-up volume,
and vice versa for the follow-up volume, and averaging the
two. These registration steps were performed using non-linear
registration with the FNIRT tool from FSL. All subsequent

analysis was based on data in this subject-specific time-aver-
aged space.

Analysis
ROI based analysis of gray matter

Our a-priori hypothesis defined the caudate, putamen, globus
pallidum, thalamus, substantia nigra, and red nucleus as re-
gions of interest for PD follow-up. Our ROI-selection was
based on a-priori hypothesis concerning four brain circuits
or regions. The first was the cortico-basal ganglia circuit,
which consists of the striatum (caudate nucleus and putamen),
globus pallidus, and thalamus [33]. The second and third
regions included the midbrain and the pons, which have also
been implicated in PD [4, 11]. The fourth region comprised
the red nucleus, which according to Braak has not been im-
plicated in PD [4] and thus served as a reference region.”
DKI values were obtained by region of interest (ROI) analy-
sis. One experienced rater drew all ROIs manually according
to Surova et al. [37] in the subject-specific time-average data.
The same ROIs could thus be applied to both time points. The
rater was blinded to the group (HC or patient). Separate ROIs
were drawn in the left and the right hemispheres. Because of
the presence of bilateral disease in all patients, laterality was
not considered in the current study. Values from left and right
hemispheres were thus averaged to obtain the final value for
analysis. Intra-rater reliability for the ROI placement proce-
dures were assessed on 23 randomly chosen participants
using the FA, MD, and MK of the left-side ROIs as a quan-
titative measure and the mean interclass correlation coeffi-
cients for each ROI are presented in (Online Resource 2).
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Tract-based spatial statistics analysis of white matter

We assessed differences in two-year changes in major
WM tracts between PD and HC using tract-based spatial
statistics (TBSS) (v 1.03), part of the FRMIB Software
Library (FSL), which is a registration tool for improved
voxel-wise comparisons between multiple subjects. The
TBSS procedure involved registration of 2-year differ-
ence maps of FA, MK, and MD onto the 1 mm?®
FMRIBS58 FA template in MNI152 standard space, using
the linear and non-linear registration tools FLIRT and
FNIRT [1]. Before registration, the diffusion maps were
masked with the FSL Brain Extraction Tool (BET) [35].
The normalized maps were then skeletonized by projec-
tion onto the FMRIBS8 template skeleton. The skeleton-
ized maps were subjected to voxel-wise comparison be-
tween PD and HC using FSL Randomize with 7500 per-
mutations [44]. The procedure corrected for multiple
comparisons using threshold-free cluster enhancement
[36] and included age, gender, and software upgrade of
the MRI scanner as covariates. TBSS analyses were done
blinded for diagnosis.

Analysis of white matter hyperintensities

Analysis of white matter hyperintensities (WMH) was rated
according to the scales of Fazekas [8] and Wahlund [42].

Statistical analysis

Statistical analysis of ROI data was performed with SPSS
Statistics 20 for Windows (IBM Corporation, Somers,
NY, USA). Demographic and clinical differences between
groups were analyzed with either repeated measures
ANOVA or Pearson’s chi-squared test. Correlations be-
tween diffusion parameters and clinical scores were tested
for using the linear correlation coefficient (R2 Linear) and
Spearman’s rho (Rg). The change over time in the mean
values (FA, MK, and MD) of the caudate nucleus, puta-
men, pallidum, thalamus, substantia nigra, and red nucle-
us were compared between the diagnostic groups using
ANCOVA with age, gender, baseline follow-up interval,
and software upgrade of MRI scanner included as covar-
iates. Study participants who were scanned with the same
scanner software version in baseline and follow-up was
coded as “0,” while those were scanned with different
software versions were coded as “1.” Significance thresh-
old was set to 0.05. Multiple comparison correction was
not applied to the reported p values. The TBSS analysis,
however, inherently corrects for multiple comparisons
through the threshold-free cluster enhancement procedure,
as now mentioned above.
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Results
Demographic and clinical

Table 1 shows the demographic and clinical characteristics
of HC and patients with PD at baseline and after 2 years.
There was no group difference in age but there was a sig-
nificant difference in gender distribution (Pearson’s =
7.2, P=.009), with a higher proportion of men in the PD
group.

The PD group had higher UPDRS III total and sub-scores
(P <.001) compared with HC. An effect of time was found
for the MMSE (P =.006), due to an increase in the HC group
over the 2 years, and for LEDD in the PD group (P <.001),
amounting to a daily LEDD increase by approximately 35%
(180 mg). There were no other significant changes in any
other clinical or demographic data over time (Table 1).

ROI based analysis of deep GM

Changes in DKI parameters were observed in both PD pa-
tients and controls over the 2-year period. Specifically, reduc-
tions in MD and increases in MK and FA were found in many
brain regions (Online Resource 3). However, when comparing
the changes in dMRI parameters in PD over 2 years to the
changes observed in controls over the same time period, we
only found a decrease in FA in the putamen in PD (ANCOVA,
(3=-.248, P=.001). Figure 1 illustrates FA changes in the
putamen for PD and HC. There were no other significant
longitudinal changes observed in PD when compared to con-
trols, including in the white matter (Online Resource 3).

Tract-based spatial statistics analysis of white matter

There were no significant longitudinal changes in either MD,
FA, or MK in the WM observed in PD patients compared to
controls.

Correlation between clinical and DKI changes

Two-year change in FA in the putamen in PD patients corre-
lated with LEDD at baseline (R2 linear=—0.184; R;=—
0.399, P<.0001) (Fig. 2) and LEDD at follow-up (data not
shown). No correlations were found between DKI parameters
and UPDRS III, H&Y, and MMSE. Also no correlations were
found between change in DKI parameters versus change in
UPDRS III, H&Y, and MMSE.

Analysis of WMH
The amount of WMHs did not show any statistically signifi-

cant difference between controls and patients with PD (data
not shown).
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Fig. 1 Two-year change of
fractional anisotropy (FA) in the 0.005
putamen in patients with
Parkinson’s disease (PD) and
healthy controls (HC).
Differences in absolute values of
FA (values from 2-year MRI
minus values from baseline) in the
putamen between patients with

ANOVA: P= 01*
|

PD and HCs were analyzed using
ANCOVA A modest significant
difference was found between PD
and HC (3=-0.248, P=0.01).
Lines extending vertically
indicate standard error of mean.
Horizontal lines that intersect the
vertical lines are means

Two-year change in FA in the putamen

-0.005

Discussion

We investigated disease-specific structural changes in deep
GM and WM in patients with PD over a two-year period.
In this cohort with 76 patients with PD and 38 controls, we
found a selective reduction in FA in the putamen in PD that
correlated with increased LEDD at baseline and follow-up.
As the increased LEDD at follow-up is most probably the
marker for disease progression, it might be that the de-
creased FA in the putamen at follow-up has some clinical
relevance, especially if this result is confirmed by other
studies. This result can be related to a recent longitudinal
study that found an increased MD over 6 years in the
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Fig.2 Correlation between 2-year change in fractional anisotropy (FA) in
the putamen with the daily L-dopa equivalent dose (LEDD) at baseline. A
moderate positive correlation was found between 2-year change in FA in
the putamen and LEDD at baseline in PD. R2 linear, linear correlation
coefficient; Rs, Spearman’s rho

Healthy controls Parkinson’s disease

Group

anterior putamen in patients with PD [6] that correlated
with UPDRS scoring [6]. Chan et al did not have controls
[6], however, therefore their results may be affected by
normal aging and system update effects such as those dem-
onstrated here. Finally, our study did not show any signif-
icant diffusion changes in white matter over time in PD
when compared to the changes observed in controls, which
is in agreement with a previous study [34].

The observed putaminal FA changes may be related to
the progressive loss of dopaminergic nerve terminals in
the putamen that occurs in PD patients [5, 27]. Axonal
damage or demyelination, with disruption of the axonal
membrane and myelin sheath, causes a reduction in the
water diffusivity restriction that results in decreased FA
indices [2, 25, 37].

Since diffusion changes in PD patients involve both aging
and the specific disease evolution, longitudinal follow-up in-
cluding age-matched controls is warranted to take both factors
into account, as done in the present study. Since no significant
age-related putaminal FA changes were observed in the con-
trol group, it is likely that the disease itself is the main
explanation.

The current cohort was similarly matched to controls as
in the recent longitudinal DTI reports in PD patients.
However, the current study deviates from previous longi-
tudinal reports at several points [6, 23, 24, 28, 34, 46].
The PD patients in the current cohort had longer disease
duration, compared to some [24, 46], but shorter com-
pared to other previous studies [6, 23, 34]. The time be-
tween dMRI scans was longer, compared to in Ofori et al.
[28], Loane et al. [24] and Zhang et al. [46]. Benefits of
the current study include using the DKI sequence, which
can assess both classic diffusion measurements (FA and
MD) as well as MK. Our study is the first longitudinal
DKI study. This is the reason that our study benefits from
increased power via its longitudinal design. Furthermore,
compared to other longitudinal DTI studies, the patients in
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the current study did not refrain from antiparkinsonian
medication prior to scanning; therefore, we cannot objec-
tively compare the different PD cohorts regarding disease
severity. The most notable difference in findings is the
lack of diffusion changes in the substantia nigra in the
current report, which stands in contrast to previous results
[23, 24, 46]. Zhang et al. [46] demonstrated an FA reduc-
tion in the substantia nigra of 3.6 + 1.4%/year from base-
line, and increased radial and axial diffusivity in the thal-
amus of 8.0 £2.9%/year and 4.0 + 1.5%/year, respectively.
Such discrepancies were possibly caused by differences in
dMRI techniques (DTI in Zhang et al. and DKI in our
study). Another possible reason could be that the study
of Zhang et al. was multicenter (16 US sites, 5
European, 1 Australian), which can influence the interplay
between selected image acquisition parameters and factors
including signal-to-noise ratio, image resolution, image
distortion and thus, the results derived.

Our study has a number of limitations. First, because
the PD diagnoses were not histopathologically confirmed,
there is a possibility of misdiagnosis. However, the valid-
ity of the PD diagnosis is strengthened by the observation
that, after being followed for 25 months, all patients con-
tinued to respond satisfactorily to antiparkinsonian thera-
py and remained free of signs that are atypical
Parkinsonism. Another limitation is that the ROIs on gray
matter were drawn manually, which could lead to larger
variability and bias. However, the interclass correlation
coefficients indicated a low variability from this source
when it came to putamen (0.81-0.91). Finally, since the
study is longitudinal in nature, there is always a risk that
those patients with a more severe disease progression
drop out of the study, which might cause a selection bias
of those still remaining in the study.

Conclusion

Our longitudinal 2-year study of a relatively large cohort of
PD patients provides evidence that DKI of the putamen can be
used to detect disease progression in symptomatic PD pa-
tients. If this finding is replicated in other prospective and
longitudinal DKI studies of PD patients and age-matched con-
trols, DKI of putamen might be considered as a secondary
outcome measure in clinical trials evaluating novel disease-
modifying therapies. However, future studies also need to
compare the accuracy of diffusion imaging of putamen with
volumetric measures of the basal ganglia when it comes to
tracking disease progression.
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Abstract
Objective: To evaluate the use of quantitative susceptibility mapping (QSM) for differential
diagnosis in Parkinson’s disease (PD), Progressive supranuclear palsy (PSP) and Multiple
system atrophy (MSA).
Methods: We included 133 patients with PD, 11 with PSP, 10 with MSA and 44 healthy
controls. All participants underwent MRI as part of the prospective Swedish BioFINDER
study. Magnitude and high-pass filtered phase images from susceptibility-weighted MRI were
processed into susceptibility maps using an in-house developed pipeline.
Results: We found that susceptibility patterns in deep structures differed between groups.
PSP had higher susceptibility in globus pallidus, substantia nigra, red nucleus and dentate
nucleus compared to all other groups, as well as higher putaminal susceptibility compared to
PD and controls. We also found higher putaminal susceptibility in MSA compared to PD and
controls, and higher susceptibility in substantia nigra and dentate nucleus compared to PD.
Utilizing all regions in a discriminant analysis between PSP and PD, a sensitivity of 100%
and specificity of 97% was achieved. Using all regions to separate PSP from MSA, we found
a sensitivity of 91% and specificity of 90%. We also found correlations between disease
severity measured by UPDRS-III and putaminal susceptibility in PD.
Conclusions: Susceptibility in deep nuclei seems promising in the diagnostics of atypical
parkinsonism, especially in PSP where both high sensitivity and specificity was achieved.
Correlations between susceptibility and disease severity within groups might indicate a
possibility that QSM could be valuable in monitoring disease progression and in clinical

trials.



Introduction
The most common cause of parkinsonism is idiopathic Parkinson’s disease (PD), that must be
differentiated from progressive supranuclear palsy (PSP) and multiple system atrophy
(MSA).! A correct and early diagnosis is important for optimal patient care and for enrolment
in clinical trials.2 However, the parkinsonian disorders may be hard to distinguish from each
other, especially in the early stages. Patients with MSA typically develop autonomic
dysfunction in combination with parkinsonian or cerebellar symptoms,® whereas patients with
PSP patients commonly exhibit vertical gaze palsy in addition to postural instability and
falls.* In suspected parkinsonian disorders, MRI is commonly performed as part of the clinical
investigation. Structural images, however, lack accuracy in separating these conditions at
early stages.’ Other MRI techniques including diffusion weighted imaging, presence of
swallow-tail sign on susceptibility-weighted images (SWI) and neuromelanin-sensitive

imaging show varying potential.5-1°

Quantitative susceptibility mapping (QSM) is a technique where phase MRI data is processed
to yield susceptibility maps. The quantitative maps correlate well to tissue iron content.!! Iron
accumulation is common in neurodegenerative disorders, and QSM has been used to
investigate changes in the substantia nigra in PD.'>!> While QSM is commonly gathered
through dedicated data acquisition, routine clinical SWI sequence may be used for
quantitative measurements. We have previously showed that PSP and MSA exhibit
characteristic susceptibility patterns in a retrospective pilot study using such data.!* The aim
of this study is to corroborate and extend these findings in a larger prospective cohort,

investigate a new brain region, and to further evaluate the diagnostic performance.



Methods
Participants
Participants were prospectively recruited from the Neurology Clinic at Skane University
Hospital, Sweden, between the years 2008 and 2017, as part of the Swedish BioFINDER
study (http://www.biofinder.se).!> As of July 4th 2017, a total of 356 individuals had been
included. 67 dropped out of the study before MRI examination; 42 declined MRI
examination, 13 had DBS prior to study, 8 had cancer, 2 had pacemakers, 1 received a
transplantation and 1 had a subdural hematoma. After excluding 23 individuals with other or
unclear diagnoses, we selected 134 patients with PD, 11 with PSP, 10 with MSA and 44
healthy controls for this current study. The diagnosis of PD was established by a movement
disorder specialist according to the National Institute of Neurological Disorders and Stroke
(NINDS) criteria.'® The included patients with PSP and MSA met the conditions for probable
disease, as determined by a movement disorder specialist, according to their respective

diagnostic criteria.!”'8

Clinical assessments

Patients and healthy controls underwent a series of clinical tests and rating scales, including
motor tests with Unified Parkinson’s Disease Rating Scale Part III (UPDRS-IIT) and Hoehn &
Yahr. To assess cognitive ability a standard battery of tests, including Mini-Mental State
Examination (MMSE), were conducted by a trained physician. Presence of dementia was
assessed and recorded. All tests were conducted in “on state” to ensure standardization. None
of the participants exhibited signs of involuntary movements, such as dyskinesia or dystonia,
during testing. The clinical tests were conducted in relatively close proximity to the MRI
examination (median: 1.2 months before MRI, interquartile range (IQR): 3.6 months before to

2.0 months after MRI)



Standard protocol approvals, registrations, and patient consents
The study was approved by the ethics committee at Lund University and performed in
accordance with the Helsinki Declaration. All participants gave signed informed consent

before participating.

MRI protocol

Brain imaging was performed on a 3 T Siemens Skyra MRI scanner equipped with a 20-
channel head coil (Siemens Medical Systems, Erlangen, Germany). High-resolution 3D SWI
sequences were used to obtain magnitude and high-pass filtered phase images (repetition time
27 ms, echo time 20 ms, flip angle 15°, voxel size 0.86 x 0.86 x 1.5 mm?®). We also acquired
high-resolution 3D T1-weighted images using magnetization-prepared rapid gradient-echo
(MPRAGE) (repetition time 1900 ms, echo time 2.54 ms, inversion time 900 ms, flip angle

9°, voxel size 1 x 1 x 1 mm?) for volumetric analysis.

Image processing
The phase and magnitude data was processed using an in-house developed pipeline consisting

of FSL (version 5.0.8, http://www.fmrib.ox.ac.uk/fsl), MATLAB (version R2015a,

MathWorks, Natick, USA) and STISuite (version 2.2, Duke University, Durham, North
Carolina, USA).'*?0 These methods have been thoroughly described and illustrated in a
previous study.'* To summarize, brain masks were created through FSL-BET using the
magnitude images.?! The masks were then three-dimensionally eroded to ensure that no extra-
cerebral tissue was present within the mask. The masks were applied to the phase images
which were unwrapped using Laplacian techniques and thereafter processed using the
Variable-kernel Sophisticated Harmonic Artifact Reduction on Phase data method (V-

SHARP) to remove unwanted background phase. Finally, the inverse solution from field to



source was calculated using the improved sparse linear equation and least-squares method

(iLSQR).1920.2223

The segmentation process is illustrated in Figure 1. The image analysis was conducted
blinded to the diagnosis and in a randomized order for all participants. Automated
segmentation of the globus pallidus and putamen was performed using FSL-FIRST on the T1-
weighted volumes.?* The magnitude images were then registered to the T1-weighted volumes
and the resulting transformation applied to the susceptibility maps.?® The masks from the
automated segmentations were then manually adjusted by a resident in neurology (H.S.) to
ensure good fit with the susceptibility maps using ITK-SNAP (version 3.2.0,
http://www.itksnap.org).?® The remaining regions of interest (ROI), consisting of the
substantia nigra, the red nucleus and the cerebellar dentate nucleus, were manually delineated
by a specialist in neurology (Y.S.) using in-house developed segmentation software. As
shown in Figure 1, these regions were segmented directly on the susceptibility maps.
Parameter estimates were extracted as averages of the paired structures. The selection of these
particular regions was based on findings in a previous study,'* where differences between the
groups were found in globus pallidus, putamen, substantia nigra and the red nucleus. The
dentate nucleus was added since PSP is known to exhibit tau pathology in this structure* and
the region might also be interesting in MSA considering that a subtype has prominent
cerebellar involvement.?” Additionally, ROIs were manually placed in the frontal horns of the
lateral ventricles by a resident in neurology (H.S.) and all other susceptibility values were

normalized to this reference region.



Statistical analysis

Statistical analysis was performed using SPSS (version 24.0 for Mac, IBM Corp., Armonk,
NY, USA). Gender distribution between the groups was assessed using Pearson’s y” test and
possible differences in age by one-way ANOVA. One-way ANCOVA was used to investigate
differences in susceptibility between the groups and pairwise comparisons were performed
within the ANCOVA using least significant difference (LSD). Area under receiver operating
characteristic curves (AUC) and discriminant analysis were used to evaluate diagnostic
performance. Pearson partial correlation tests were conducted to test for correlations between
susceptibility levels and clinical scales, and between disease duration and susceptibility
levels. For the pairwise comparisons we employed a Bonferroni-corrected o-value of 0.05/30
=0.0017 to determine statistical significance. A p-value < 0.05 was considered significant

unless otherwise mentioned.

Results

Demographics

The demographics of the participants are presented in Table 1. There was no significant
difference in age (F3,195 = 1.842,p = 0.141 assessed by one-way ANOVA) between the
groups. There was a difference in gender distribution (p = 0.026 assessed by Pearson’s x?
test), with more male participants in the PD group, thus a one-way ANCOVA was used to

correct for gender and age in the group comparisons.

Group differences
As shown in Figure 2 there were significant group differences in all ROIs; globus pallidus
(F3,193 = 6.474, p < 0.001), putamen (F3,193 = 32.920, p < 0.001), substantia nigra (F3,193 =

22.968, p < 0.001), red nucleus (F3,193 =43.137, p < 0.001) and dentate nucleus (F3,193 =



26.291, p < 0.001). Significant effects of age were found in the putamen (p < 0.001), red
nucleus (p < 0.001) and dentate nucleus (p = 0.004). No significant effects of gender were
found in any of the regions. Further analyses revealed that the PSP group showed higher
susceptibility in the red nucleus compared to all other groups (all p-values < 10”-4) and in
globus pallidus, putamen, substantia nigra and the dentate nucleus compared to PD and
controls (all p-values < 0.0001). We also found higher putaminal susceptibility in MSA
compared to PD (p <0.0001) and healthy controls (p < 0.0001), and higher susceptibility in
substantia nigra (p = 0.0006) and the dentate nucleus (p < 0.0001) compared to PD. We found
no significant differences between the PD group and the control group in any of the ROL

Representative susceptibility maps of the different groups are presented in Figure 3.

Diagnostic performance

Diagnostic performance in the different regions between the groups was evaluated using the
area under ROC-curves, AUC. Cut-off levels were chosen to yield a differentiation as close to
perfect as possible by selecting the point on the ROC curve closest to the upper left corner.
The ROC-curves and associated results are reported in Figure 4A-F. To further investigate
diagnostic accuracy, we also performed discriminant analysis between each of the three
patient groups and the controls, using all of the five ROI. In the discriminant analysis, prior
probabilities were set to “all groups equal” to correct for unbalanced group sizes. In
classifying PSP vs. PD, we found a sensitivity of 100%, a specificity of 97.0% and a total of
97.2% cases correctly classified. With leave-one-out cross-validation (LOOCYV), results were
unchanged. When classifying PSP vs. MSA, a sensitivity of 90.9% and a specificity of 90.0%
were achieved, with 90.5% of cases correctly classified. In the LOOCYV of this classification
we found a sensitivity of 81.8%, a specificity of 90.0% and a total of 85.7% cases correctly

classified. Results from all discriminant analyses are reported in Table 2.



Correlations between susceptibility and clinical scores

In the PD group, we evaluated correlations between susceptibility levels in the different
regions and the clinical scores from UPDRS-III and Hoehn & Yahr ratings. Due to the small
number of subjects with PSP and MSA, no correlation tests were carried out in these groups.
For this analysis, we used Pearson partial correlation while controlling for age, gender and
disease duration. There was a significant correlation between putaminal susceptibility and
UPDRS-III in the PD (R = 0.213, p = 0.015). The remaining tests between susceptibility
levels and UPDRS-III or Hoehn & Yahr did not show any significant correlations. We also
assessed correlations between disease duration and regional susceptibility while controlling
for age and gender. In these tests, we found significant correlations in the PD group in the
globus pallidus (R = 0.198, p = 0.023) and in the substantia nigra (R = 0.251, p = 0.004). Plots

of the significant correlations are shown in Figure 4G-1.

Discussion

We have processed magnitude and high-pass filtered phase data from standard clinical SWI
sequences to demonstrate different patterns in parenchymal susceptibility between the
different parkinsonian disorders and healthy controls. We can here show a very promising
performance in the separation of PSP from the other groups both using cutoffs on ROC-
curves and with discriminant classification analysis. When comparing PSP to PD, we find a
diagnostic performance with sensitivity 90.9% and specificity 97.0% in the substantia nigra,
sensitivity 100% and specificity 91.0% in the red nucleus, and sensitivity 90.9% and
specificity 89.6% in the dentate nucleus. The diagnostic performance is increased when
including susceptibility levels from all studied regions in discriminant analyses where we
have shown a sensitivity of 100% and specificity of 97.0% using LOOCYV, for differentiating

PSP from PD. We find these levels of diagnostic performance impressive and reviewing

10



literature we find that these results are comparable to the performance of midbrain-pons area
and MR Parkinsonism Index (MRPI) measurements.?® Combining morphological analyses
such as the MRPI with QSM to potentially increase the diagnostic accuracy even further is an
interesting direction for future studies. Moreover, it will be important to perform comparative
studies in patients with classical Richardson PSP to other subtypes of PSP and patients with
corticobasal syndrome.?’ The elevated susceptibility in the putamen and the dentate nucleus in
MSA are coherent with pathological processes in these conditions,?” and thus potential
biomarkers. Considering that differentiating early PSP and MSA is a common clinical
problem, we believe that analyzing the susceptibility patterns could possibly be of use in these
situations. Further studies on possible and early disease would be needed to evaluate this. We
also show correlations between UPDRS-III-scores and putaminal susceptibility in the PD
group which is consistent with findings in an earlier study'# and with pathological processes
in PD.! The correlations between disease duration and susceptibility levels in globus pallidus
and the substantia nigra suggests that susceptibility gradually increases with the disease

progression.

This work is an extension and validation of a previous study,'* where a smaller and less
coherent retrospective cohort was studied. We are able to show that the majority of these
findings persist in this larger and improved study. Here, the participants have been recruited
prospectively and all were imaged on the same MRI scanner with a SWI sequence with the
same acquisition parameters, which was not the case in the earlier study. We have also used
blinding of diagnosis during all segmentation processing. Considering known pathologies in
PSP and cerebellar involvement in variants of MSA, we also expanded the number of

investigated regions to include the cerebellar dentate nucleus.*?” The major findings of the
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previous study, with markedly elevated susceptibility levels in mesencephalic nuclei in PSP

compared to all other groups, have been corroborated in this larger cohort.

One limitation of this study is the use of SWI-based high-pass filtered phase images. The
filtering process can remove local field inhomogeneities together with background phase and
because of this reduce the susceptibility contrast, which could lessen the ability to find
differences between groups. We have, however, been able to demonstrate highly significant
differences and diagnostic separation between the groups with these methods. Considering
this filtered nature of the phase images, the yielded susceptibility maps can be considered to
reflect apparent susceptibility rather than actual susceptibility. Moreover, this apparent
susceptibility is not directly comparable to the susceptibility obtained from QSM based on
unfiltered phase data. The images on which our findings are based are representative for a
clinical setting where SWI is frequently used. With this in mind, we believe that the approach
demonstrated herein could also be used on other material and neurological diseases where
magnitude and phase data from SWI have already been acquired. In contrast to other studies

using QSM in Parkinson’s disease,!>!3

we did not find a susceptibility difference in the
substantia nigra between PD and controls. We believe this might in part be due to lower
susceptibility contrast due to the filtered phase data in this study. To evaluate susceptibility
mapping as an early diagnostic marker, further studies are needed with individuals in early
disease stages. Longitudinal studies in parkinsonian disorders are also needed to further assess

the ability of these methods to monitor disease progression or measure treatment effects in

trials.

In summary, we show different patterns of brain susceptibility between these conditions,

reflecting underlying regional differences in pathological processes and brain iron
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accumulation. We believe that these differences in susceptibility, particularly in the
mesencephalic region, could be of great use in the diagnostics of parkinsonian disorders,
especially when faced with the diagnostic challenge of separating PSP from other
parkinsonian disorders and healthy individuals. This is very important in the clinical care of
these patients considering optimization of medication and involvement of different health
professions such as physiotherapists, nutritionists, psychologists and speech-language
therapists. It is also of importance to have an early and correct diagnosis when considering

inclusion of patients in clinical trials.
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Legends to figures

Figure 1. Segmentation processing. Automated segmentation of globus pallidus (blue) and
putamen (magenta) on T1-weighted image and manual editing to unsure fit to susceptibility
map (A). Manual segmentation of substantia nigra (green), the red nucleus (red) and the

dentate nucleus (yellow) on the susceptibility maps (B).

Figure 2. Susceptibility distributions and differences. Susceptibility distributions in the
different groups in globus pallidus (A), putamen (B), substantia nigra (C), the red nucleus (D)
and the dentate nucleus (E). Red line denotes the median and blue lines the interquartile
range. Significant differences between the groups (F). Abbreviations: PD = Parkinson’s
disease; PSP = progressive supranuclear palsy; MSA = multiple system atrophy; CTRL =

control; ppm = parts per million.

Figure 3. Representative susceptibility maps and plots of correlation. Representative
susceptibility maps from the different groups showing higher susceptibility in the red nucleus
in PSP, higher susceptibility in the dentate nucleus in PSP and MSA, and higher putaminal
susceptibility in MSA compared to PD and controls. Top row showing the level of the
lentiform nuclei, middle row mesencephalon and bottom row cerebellum. Abbreviations: PD
= Parkinson’s disease; PSP = progressive supranuclear palsy; MSA = multiple system

atrophy.

Figure 4. Receiver operating characteristic (ROC) curves showing diagnostic
performance. Receiver operating characteristic (ROC) displaying diagnostic separation in all

regions between PSP and PD (A), PSP and MSA (B), PSP and controls (C), MSA and PD

17



(D), MSA and controls (E), controls and PD (F). Scatter plots showing significant correlations
from the Pearson partial correlation tests (G-I). * indicates that the AUC, sensitivity and
sensitivity shown are for the reversed comparison. Abbreviations: PD = Parkinson’s disease;
PSP = progressive supranuclear palsy; MSA = multiple system atrophy; ROI = region of
interest; AUC = area under curve; Sens. = sensitivity; Spec. = specificity; GP = globus
pallidus; PUT = putamen; SN = substantia nigra; RN = red nucleus; DN = dentate nucleus;
UPDRS-III = unified Parkinson’s disease rating scale part I1I; susc. = susceptibility; ppm =

parts per million.
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Errata
Errata in Paper 11

In Paper 11, In Discussion is said LVLP. This should be LPVP. Also in Fig.1 legends,
c is said red nucleus, and f is said for deep cerebellar nuclei. This should be ¢ for
deep cerebellar nuclei and f for red nucleus.

Errata in Paper III

In Paper 111, S1 Table is called Use of DKI parameters in differential diagnosis. This
should be called Use of DKI parameters in differential diagnosis of patients with
Parkinson’s disease from healthy controls.

Also in the same table legend is said: Mean diffusivity (MD, 10"9 mm”2/s) and
mean kurtosis (MK), differentiating patients with Parkinson disease (PD) from
healthy controls (HC); PD from patients with progressive supranuclear palsy (PSP)
and multiple system atrophy (MSA). AUC, area under curve; DKI, diffusion
kurtosis imaging; ROC, receiver operating characteristic analysis. Significant
differences between PD vs HC and PD vs PSP and MSA, p < 0.05, using binary
logistic regression, adjusted for age and sex (PD vs HC) and adjusted for age (PD
vs PSP and MSA).

This should be: Mean diffusivity [MD, 10"-9 m”"2/s] and mean kurtosis (MK).
AUC, area under curve; DKI, diffusion kurtosis imaging; ROC, receiver operating
characteristic analysis. *Significant differences between patients with Parkinson’s
diseases from healthy controls, p <.05, using binary logistic regression, adjusted for
age and sex.

In Results, Hand test should be called CAPSIT-PD test. CAPSIT-PD (Hagell 2000)
test should be listed in the Material and Methods.
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