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Introduction
Neuroradiology is a subspecialty of radiology focussing on the diagnosis and characterization
of abnormalities of the central and peripheral nervous system, spine, and head and neck using
neuroimaging techniques. Primary imaging modalities include Computed Tomography (CT) and
Magnetic Resonance (MR) imaging. Neuroimaging is nowadays essential for adequate diagnostic
work-up, treatment planning and follow-up of many neurological disorders. Where conventional
MR imaging techniques provide details of anatomy and structural pathologic changes, new and
more advanced MR imaging techniques can provide both anatomical and functional characteristics of the brain and its pathologic changes.

1

For patients presenting with suspected neurodegenerative pathology, brain MR imaging is the
preferred diagnostic procedure in the diagnostic evaluation process. Neurodegenerative pathology
comprises a heterogeneous group of diseases with an increasing incidence with ageing, resulting
in progressive degeneration of brain structures. From a clinical perspective, neurodegenerative
diseases can be categorized based on presenting symptoms and signs, such as alterations of
movements (movement disorders) or functional disturbances  in the cognitive domain (dementias). With regard to the group of movement disorders, different patterns of abnormal motion
can be distinguished. These include the various types of hyperkinesia and dyskinesia (too much
movement) or hypokinesia (diminished speed or amplitude of movements)1. A hypo-kinetic rigid
syndrome, also called parkinsonism, is defined by the necessary presence of bradykinesia (slow
movement), combined with one or more of the following: rigidity, tremor (usually in a resting
state, but frequently during activity as well), and specific disorders of gait, balance and posture2.
Idiopathic Parkinson’s disease is the most common cause of a hypo-kinetic rigid syndrome, but
there are many other neurodegenerative diseases that may present with similar symptoms or
signs of parkinsonism [Table 1]. Relatively frequent causes include multiple system atrophy (MSA),
progressive supranuclear palsy (PSP), cortico-basal degeneration (CBD), dementia with Lewy
bodies (DLB) and vascular parkinsonism. This group of hypokinetic-rigid disorders other than idiopathic Parkinson’s disease is usually referred to as atypical parkinsonism. Certain drugs, e.g. neuroleptics, can also cause a hypokinetic-rigid syndrome, but without underlying neurodegenerative
pathology.
— Parkinson’s disease and atypical parkinsonism
Parkinson’s disease is a neurodegenerative disorder that is currently defined clinically by the typically asymmetric presence of bradykinesia, and at least one further motor sign such as rest tremor
or rigidity3. Non-motor symptoms are an integral part of the clinical spectrum of the disease, and
some of these changes may predate the onset of overt motor symptoms and signs4. The primary
pathologic changes of Parkinson’s disease include loss of nigrostriatal dopaminergic neurons and
intraneuronal Lewy bodies, mainly in the ventrolateral and caudal segment of the substantia nigra
pars compacta5. In later disease stages, additional lesions arise in non-dopaminergic brain areas
such as the basal ganglia and cortex. Because of overlap in neuropathological changes in the brain,
there is a debate whether Parkinson’s disease with dementia (PDD) and dementia with Lewy
bodies (DLB) are the same disease entities6. In PDD motor symptoms predate dementia, while in
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DLB dementia predates motor symptoms. A recent definition statement stated that dementia with
Lewy bodies is not considered an exclusion criterion for Parkinson’s disease7.
Multiple system atrophy is a neurodegenerative disease that manifests with a variable combination of parkinsonism, cerebellar ataxia, autonomic dysfunction and pyramidal signs8. It is
divided into two clinical subtypes, one with predominant cerebellar symptoms (MSA-C) and one
with predominant parkinsonian symptoms (MSA-P)9. In MSA-P, the nigrostriatal system is the main
site of pathology, and in MSA-C mainly the pontocerebellar system. As in Parkinson’s disease, the
pathologic hallmark of MSA is accumulation of alpha-synuclein containing inclusions in oligodendrocytes and less frequently in neurons10.
Progressive supranuclear palsy is a neurodegenerative disorder with two main clinical presentations. The classic phenotype is now called Richardson’s syndrome and is characterized by early
onset postural instability and falls, supranuclear vertical gaze palsy and cognitive dysfunction11.
PSP-parkinsonism is dominated by an asymmetric onset, tremor and moderate initial therapeutic
response to levodopa, thereby rendering differentiation from Parkinson’s disease difficult12. The
etiology of PSP is unknown, but the disorder is histologically characterized by abnormal aggregates
of tau-protein in the striatothalamocortical pathway. PSP is closely related to other tau-positive
neurodegenerative disorders, such as corticobasal degeneration.
Corticobasal degeneration is one of the causes of a corticobasal syndrome. Clinical diagnostic
criteria are based on motor impairment related to basal ganglia dysfunction (asymmetric parkinsonism, rigidity) and cortical dysfunction (alien limb phenomenon, apraxia)13. Cognitive decline
and behavior abnormalities are a hallmark for CBD, and dementia is frequent14. Just as in PSP, CBD
is poorly responsive to levodopa. Pathologically, CBD is characterized by tau protein deposits in
neurons and glial cells in the cortex.
Vascular parkinsonism, accounting for approximately 2.5-5% of all cases of parkinsonism,
develops as a result of ischemic cerebrovascular disease, so aetiologically it is classified as
secondary parkinsonism15,16. Clinical presentation of vascular parkinsonism usually includes
postural instability and falls rather than upper limb rest tremor or bradykinesia. Furthermore
occurrence of pyramidal signs and early subcortical dementia is frequent. Patients with clinically
suspected vascular parkinsonism may respond with benefit to dopaminergic therapy, especially
those with lesions in or close to the nigrostriatal pathway17.

1

Clinical symptoms and abnormalities found upon neurological examination, but also the respective histopathologic substrates, can overlap for the different disease entities. This complicates the
diagnostic process, especially in early disease stages when the clinical syndrome has not matured
fully. During clinical follow-up, additional disease features may aid in the differentiation between
Parkinson’s disease and atypical parkinsonism, and this includes the rate of disease progression
(generally faster for atypical parkinsonism), the development of new symptoms (including red
flags that signal the presence of atypical parkinsonism) and the response to therapy (generally
less gratifying or even absent for atypical parkinsonism). However, for adequate patient treatment
and counseling, it is important to establish the correct diagnosis in early disease stages. In order
to increase certainty about the diagnosis, different ancillary investigations are available to the
clinician, including cerebral spinal fluid analyses, electromyography (EMG) or neuro-imaging (CT
or MR imaging). A systematic clinical approach enables an adequate assessment of the patient,
tailors appropriate ancillary investigations and facilitates clinicians to establish a correct clinical
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diagnosis early in the disease18. The diagnostic challenges in parkinsonism are discussed in more
detail in chapter 2 of this thesis.
— Brain MR imaging in parkinsonism
An MR imaging study of the brain is typically performed within 30 minutes and includes different
acquisitions, also referred to as sequences. A standard brain MR imaging study includes T1, T2 and
T2 FLAIR weighted sequences. Also, a proton density sequence (with combined T1 and T2 properties) is usually included. Nowadays, diffusion weighted imaging (DWI) is a standard sequence in the
MR imaging protocol as well. The magnetic field strength of clinical MR scanners have increased
from 1 to 3 Tesla (T) in the last decade. An increase in magnetic field strength enables improved
tissue contrast and increased temporal resolution. A brain MR imaging study is usually performed
on a 1.5 T magnetic field strength MR scanner, although availability of 3 T MR is increasing in daily
clinical practice. Occasional university hospitals even have a 7 T MR scanner installed, but this is
mainly applied for research purposes. MR imaging has better resolution and sensitivity to identify
structural pathology of the brain in comparison to CT, and is therefore the preferred imaging
modality to evaluate neurodegenerative pathology19. A head CT is performed in case MR imaging
cannot be (safely) performed, for example when the patient has a pacemaker, or when the patient
is claustrophobic.
In the literature, many studies are available that have evaluated conventional brain MR
sequences in patients with either Parkinson’s disease or one of the different forms of atypical
parkinsonism19-22. Initial studies aimed to provide a diagnostic MR marker for Parkinson’s disease,
e.g. by detecting signal intensity changes or structural degeneration of the substantia nigra, but
the results were disappointing23,24. Parkinson’s disease lacks a diagnostic marker on brain MRI,
although cortical atrophy can be seen in advanced disease stages, but this a non-specific finding19.
Disease-specific structural changes in the brain can be detected on conventional brain MRI, which
can serve as a diagnostic marker for the different atypical parkinsonian disorders. Most of these
studies have evaluated brain MR imaging in advanced disease stages, with a relatively high degree
of a priori confidence about the clinical diagnosis. One good example is the study by Schrag et
al. 21, that included patients meeting probable criteria, or even autopsy confirmed diagnoses of
MSA, PSP and CBD with disease duration up to 16 years. Based on their MR imaging analyses, they
concluded that only in a minority of patients no unequivocal diagnosis could be made using MRI
findings alone. In contrast, for patients with early stage parkinsonism (where the diagnostic uncertainty and – hence – the need for supportive diagnostic information is greatest), there are generally
no well-designed prospective clinical cohort studies that assessed the diagnostic accuracy of brain
MR imaging. Conducting such a study for larger study populations is challenging because obtaining
histopathologic confirmation (to establish complete diagnostic certainty, according to established
classification criteria) is practically impossible. A clinical follow-up in the hands of an experienced
movement disorders specialist is crucial to obtain a ‘silver standard’ diagnosis during life, which
then enables for evaluation of the diagnostic accuracy of any tests performed at baseline.

1

New, more advanced imaging techniques have become available for clinical practice in the last
decade20,25. These advanced MR imaging techniques have helped to explore and understand the
pathophysiologic changes in Parkinson’s disease and atypical parkinsonism by in vivo correlation between structural pathologic changes, functional connectivity and physical and cognitive

14

Introduction and outline of thesis

functioning in a non-invasive manner. These advanced imaging techniques include Diffusion
Weighted Imaging (DWI), Susceptibility Weighted Imaging (SWI), Magnetic Transfer Imaging (MTI)
and functional MRI (f-MRI)20,25.
DWI quantifies the random movement of water molecules by applying diffusion-sensitizing
gradients between two radio frequency pulses. The random motion of water molecules is restricted
by the normal architecture of glial tissue and fiber tracts, which is called anisotropy. Directional
information can be provided by estimating anisotropy, and this technique is called Diffusion Tensor
Imaging (DTI). Quantitative measures of DWI and DTI seem to represent an estimate of microstructural integrity of brain tissue.
SWI is very sensitive to susceptibility changes in brain tissue, which can be physiologic (mainly
age-related), but can also be the result of pathologic mineralisation or iron accumulation.
MTI can detect changes in different brain structures by measuring magnetization transfer
between free protons and protons bound to macromolecules, even when no evident atrophy or
signal changes are seen on conventional brain MR imaging.
Functional-MRI is used to map the brain to identify regions linked to critical functions such as
speaking, moving, sensing, or planning but can also be used to study cognitive function. Another
form of f-MRI is resting state f-MRI, which enables visualization of intrinsic signal fluctuations in
brain structures when a subject is not performing an explicit task26. Resting state f-MRI is used to
evaluate regional interactions and functional connectivity.

1

These advanced MR techniques hold promise to provide additional diagnostic markers for
Parkinson’s disease and atypical parkinsonism. A limitation for clinical application is that most
of the studies published in the literature have thus far evaluated subjects in advanced disease
stages20, with only few reports evaluating early stage parkinsonism27. Furthermore, it remains to
be determined whether these advanced MR imaging technique have added value over and above
conventional brain MR imaging. With regard to quantitative MR imaging techniques such as DTI
and MTI, it is even more unclear how these should be applied in clinical practice. These techniques
have been applied mainly in case-control population studies, but have thus far been insufficiently
validated for the evaluation of an individual patient. Although other imaging modalities such as
transcranial sonography and nuclear molecular imaging techniques are available to the clinician in
the work-up of parkinsonism28, these are not further discussed in this thesis.
The main objective of this thesis is to evaluate the (added) diagnostic value of brain MR imaging in
early stage parkinsonism, both for a conventional MR protocol performed at 1 or 1.5 T magnetic
field strength, and for a standardized 3 T MR scanning protocol extended with a SWI and DTI
sequence.
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Table 1 Neurodegenerative diseases that can present with features of a hypokinetic-rigid syndrome18
Parkinson’s Disease (idiopathic)
Parkinsonism (genetic)
Atypical Parkinsonism
- Multiple system atrophy (MSA)
- Progressive supranuclear palsy (PSP)
- Corticobasal degeneration (CBD)
- Lewy body dementia (DLB)
Alzheimer’s Disease with parkinsonism
FTDP-17
Pick’s Disease
Huntington’s Disease
Spinocerebellar ataxia (SCA), e.g. SCA-3
Degenerative syndromes of the globus pallidus (e.g. Kufor-Rakeb)
Dentato rubro-pallido-luysian atrophy (DRPLA)
Dopamine responsive dystonia
Neuroacanthocytosis
Fragile-X-syndrome with tremor and ataxia
X-linked dystonia-parkinsonism (Lubag)
X-chromosoom gebonden dystonie-parkinsonisme (Lubag)
Fahr syndrome
Neuronal intranuclear inclusion disease
Neurofilament inclusion body disease
Rapid-onset dystonia-parkinsonism

1

Outline of thesis
— Brain MRI in Parkinson’s disease
The diagnostic challenges in parkinsonism are discussed in part one, chapter 2 of this thesis. In
part two, we will discuss the role of brain MR imaging in Parkinson’s disease. A review of the literature concerning neuroimaging in Parkinson’s disease is presented in chapter 3, both for conventional and advanced MR imaging sequences. As noted, SWI can be used to study iron content in
brain structures. Recently, a possible new diagnostic marker specific for Parkinson’s disease has
been described using high-resolution SWI29. A region in the inner structure of the substantia nigra
pars compacta, called nigrosome 1, can be identified on high-resolution SWI, and its appearance
resembles a swallow tail (Figure 1). The swallow tail appearance of the nigrosome 1 is reported to
be absent in Parkinson’s disease30,31. In chapter 4, we present the results of our case-control pilot
study to identify nigrosome1 in vivo and ex vivo using high-resolution susceptibility sensitive MR
techniques. The ex vivo samples were scanned on a 11.7 Tesla MR scanner. Also, we evaluate the
diagnostic value of this swallow tail sign in a prospective cohort of patients with early stage parkinsonism using a clinical SWI sequence with high in-plane resolution but relatively thick 3 mm slices.
— Brain MR imaging in the diagnostic work-up of parkinsonism
In part three of this thesis, the role of conventional brain MR imaging, and the relatively new MR
imaging techniques SWI and DTI are evaluated in the diagnostic work-up of early stage parkinsonism. In chapter 5 we study the added value of conventional brain MR imaging in relation to the
clinical diagnostic work-up. In contrast to most of the studies published in the literature (which all
evaluated brain MRI in advanced disease stages), we conducted a 3-year prospective follow-up
cohort study of 113 patients with early stage parkinsonism. In this study, which was part of a
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larger prospective clinical cohort study32, we evaluated 1 and 1.5 Tesla brain MR imaging studies
for abnormalities related to the different forms of neurodegenerative atypical parkinsonism.
These abnormalities include atrophy and signal intensity changes of different brain structures,
mainly affecting the cortex, basal ganglia, brainstem and cerebellum (Figures 2 and 3). Atrophy, T2
hypo-intensity and a rim sign of the putamen can be seen in the parkinsonian form of MSA, while
atrophy and T2 signal intensity changes of the pontocerebellar region (‘hot cross bun’ sign and
T2 hyper-intense signal changes of the middle cerebellar peduncles) are suggestive of the cerebellar form of MSA. In PSP, atrophy of the midbrain (‘hummingbird’ and ‘morning glory’ signs) and
signal intensity changes of the superior cerebellar peduncles are observed. Asymmetrical cortical
atrophy affecting the parietal lobe is the hallmark of CBD (Figure 4, left). The clinical diagnosis of
vascular parkinsonism can be supported by demonstration of diffuse white matter lesions and/or
strategic subcortical infarcts on brain MRI (Figure 4, right).
In chapter 6 we evaluate standardized 3 T brain MR imaging including SWI in a population of 65
patients with early stage parkinsonism, and initial uncertain diagnosis. Probable diagnoses (made
after 2-3 years clinical follow-up) enabled us to evaluate the diagnostic value of MR imaging and
SWI performed at baseline, aiming to differentiate between Parkinson’s disease and the different
forms of neurodegenerative atypical parkinsonism.
In chapter 7, we present a case report where abnormal brain iron accumulation was identified
by SWI in the diagnostic work-up of juvenile onset dystonia and parkinsonism.
A review of literature on DWI and DTI in Parkinson’s disease and the different atypical parkinsonian disorders is given in chapter 8. It seems that DTI can detect and quantify neurodegenerative microstructural changes in different brain structures, even when no abnormalities are seen
on conventional brain MR imaging20,25. Whether DTI improves the diagnostic accuracy of brain
MR imaging for the differentiation between Parkinson’s disease and neurodegenerative atypical
parkinsonism is evaluated in a prospective clinical cohort study, presented in chapter 9.

1

In part four, we summarize the main findings of this thesis, discuss the current state and expected
future developments of brain MR imaging in parkinsonism, and draw several overarching conclusions. A summary and conclusion of this thesis is provided in chapter 10, and translated into Dutch
in chapter 11.
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Figure 1

Nigrosome 1 in the inner structure of the substantia nigra pars compacta identified on
high-resolution SWI. Its appearance resembles a swallow tail.

Figure 2

Sagittal and axial T1 SE images. Atrophy of the midbrain in PSP, resembling a
‘hummingbird’ in the sagittal plane and the angle of a ‘morning glory’ flower
in the axial plane.
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1

Figure 3

Atrophy and T2 signal intensity changes of different brain structures in advanced stages
of the parkinsonian and cerebellar forms of MSA (MSA-P and MSA-C).
upper row Putaminal atrophy (encircled) and putaminal rim sign (arrows) in MSA-P.
middle row Severe pontocerebellar atrophy and crucified T2 hyper-intense signal intensity of the
pons (‘hot cross bun’ sign) in MSA-C.
lower row T2 hyper-intense signal changes of the middle cerebellar peduncles (arrows) and
pontocerebellar atrophy (encircled) in MSA-C.
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Figure 4

20

Axial T2 FLAIR images (3 T MRI). Left, asymmetric cortical atrophy of the parietal lobe
(encircled) in a patient diagnosed with cortico-basal degeneration. Right, lacunar
infarction in the basal ganglia (arrows) and diffuse white matter changes in a
patient diagnosed with vascular parkinsonism.
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Diagnostic challenges in parkinsonism
The presence of signs and symptoms of parkinsonism can be assessed in the clinical examination room, using a combination of history taking and neurological examination1. Parkinson’s
disease (PD) is the most frequent cause of parkinsonism, but the differential diagnosis is broad
and includes – among others – multiple system atrophy (MSA), progressive supranuclear palsy
(PSP), corticobasal degeneration, dementia with Lewy bodies, vascular parkinsonism and drug-induced parkinsonism. Collectively, these additional causes of parkinsonism are commonly referred
to as atypical parkinsonism (AP). Differentiation between PD and AP is highly relevant for several
reasons. First, patients find it understandably important to know which specific disease they have.
Second, the prognosis varies greatly across the different causes of parkinsonism, so adequate
counseling depends on establishing a correct clinical diagnosis. In general, disease progression is
slower in PD compared with the various causes of AP2-4. Third, an accurate diagnosis is important
to bring attention to disease-specific complications. Examples include nocturnal inspiratory stridor
in MSA patients (which can be a cause of sudden death in this disorder)5,6, or the ‘motor recklessness’ and concomitant injurious falls seen in patients with PSP7. Fourth, dopaminergic medication
is typically less effective in AP compared with PD, with fewer patients responding to treatment,
and a more modest and only temporary improvement for those who do improve2-4. Fifth, differentiation between PD and AP is important for research purposes as a correct diagnosis is needed to
optimize inclusion of appropriate patients in clinical trials.

2

However, in everyday clinical practice, a correct classification of patients with parkinsonism into
either PD or one of the various specific causes of AP is challenging, especially early in the course
of the disease. This diagnostic difficulty is reflected by the substantial delay between the initial
presentation and the moment when the final diagnosis is established, and also by the high proportion of incorrect initial diagnoses, especially in the hands of generically active neurologists8,9.
Previous clinicopathological studies have demonstrated that the diagnostic accuracy for PSP, MSA
and other atypical parkinsonism is far from optimal, ranging from 50 to 80%8-15. However, awareness of the various atypical clinical features is increasing, and these are now bundled under the
term ‘red flags’. Examples of such red flags in the context of a patient presenting with parkinsonism include subtle ataxia, prominent and early autonomic dysfunction, or fixed dystonia. Red
flags thus represent a set of clinical signs and symptoms that, when present, increase the likelihood of a diagnosis of AP. Timely recognition of these alarm signals has led to an improved recognition of AP, and consequently, to improvement in clinical diagnostic accuracy, as was presented
for the last and largest case series9. Nevertheless, the accuracy of establishing a clinical diagnosis
for the various specific causes of AP remains less than for PD, partially because of overlap in clinical
presentation between PD and AP9.
It has been demonstrated that time is the most important weapon to achieve a high diagnostic accuracy9. First, time can inform the clinician about the rate of disease progression and even
survival, which both help to separate AP from PD. Second, as time passes by, symptoms typical of
AP (red flags) may gradually emerge, and this will greatly facilitate the diagnosis. However, during
all this time while patients are awaiting their final diagnosis, insecurity increases. We are struck by
the many patients who would rather have certainty about an unfavorable diagnosis, rather than
living with more uncertainty. Hence, there is great pressure to find ways that can assist clinicians
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in establishing the final diagnosis much earlier into the course of the disease, thus decreasing this
aggravating period of insecurity.

Improving certainty about the diagnosis
What can be done to achieve this? First, extensive history taking and careful clinical examination
remain the most important diagnostic pillars. Adequate recognition of the growing list of red flags
is crucial in this part of the diagnostic process. The formal exclusion criteria for PD, according to
Gelb and colleagues2, have long been established. During recent years, additional ‘red flag’ signs
and symptoms have been identified, and these can be subtle or present early on in the course of
the disease. Two examples of red flags identified by our group include a subjective inability to ride
a bicycle early in the course of the disease16, or an inability to take ten consecutive tandem steps
along a thin line without taking a single side step17. Other newly identified examples include the
cold hands sign for MSA18, motor recklessness for PSP7 and the Rolex sign (an inability to rewind a
watch, resulting in the purchase of a self-rewinding one, for PD)19. The presence of one or – preferably – a combination of certain red flags, even when only subtle, can suggest a particular form of
AP. In our experience, red flags offer greater diagnostic information than performing an MRI scan,
although the relative merits of clinimetrics in the hands of experts and state-of-the-art neuroimaging need to be formally investigated in prospective diagnostic studies. Correct interpretation of
these often subtle red flags requires an experienced clinical eye. It has been shown that the diagnostic accuracy of the clinical examination increases by 20% if that examination is performed by
a movement disorders specialist, as opposed to a generically active neurologist9. It may therefore
be useful (in terms of quality of care, but presumably also because of cost–effectiveness) to refer
each patient with parkinsonism to a specialized movement disorders clinic at least once during
the course of the disease, and particularly in the early phase when there is diagnostic uncertainty.
Second, many types of ancillary investigations have been proposed to improve and accelerate
the final clinical diagnosis. For example, various signs and abnormalities that can be obtained
with routine brain MRI can help to differentiate between PD and AP20,21. Examples include the
hummingbird sign (signaling midbrain atrophy) in PSP, or the putaminal rim sign (signaling putaminal atrophy) in MSA. The majority of these MRI abnormalities have a moderate-to-high specificity,
but a limited sensitivity for the diagnosis of AP, particularly in early disease stages when the MRI
often fails to show the characteristic abnormalities that may only become apparent later in the
disease course. In addition, routine brain MRI seems to have limited added value for differentiating between PD and AP when the clinical suspicion of AP or PD is already high, but may be more
valuable at a time when the clinical diagnosis is still uncertain21,22. Other examples of neuroimaging
approaches include diffusion-weighted imaging21-24, magnetic resonance volumetry, magnetization transfer imaging and proton magnetic resonance spectroscopy24.
A third approach in the armamentarium of ancillary investigations comprises analysis of cerebrospinal fluid (CSF). Recent studies have demonstrated that patients who are clinically suspected
of having MSA often demonstrate CSF abnormalities, consisting of increased tau protein and light
chain neurofilament concentrations22,25-27. Such CSF analyses seem to contribute less for patients
with PSP, as concentrations of almost all brain-specific proteins seem to be within the same range
as observed for patients with PD28. Such CSF abnormalities are, just like the MRI abnormalities,
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quite specific, but only moderately sensitive. Hence, when abnormalities are found, for example,
increased brain-specific proteins (such as total tau protein) or decreased neurotransmitter metabolites (such as 3-methoxy-4-hydrophenethyleneglycol), the likelihood that the patient may suffer
from a form of AP increases. However, a normal test often does not rule out a diagnosis of AP.
The clinical value of a test is highly dependent on the prior odds of a certain outcome. If the probability of a certain outcome is either very high or extremely low, the added value of the diagnostic
test is limited. Therefore, efficient application of ancillary investigations depends on the clinical
evaluation of each patient. Ancillary investigations should ideally be reserved for those patients in
whom one or more red flags were observed during the clinical evaluation, but when there is still
doubt about the final diagnosis. The ancillary investigations should then be employed to validate
the diagnosis, since the current tests are generally not viable to rule out parkinsonism owing to
their limited sensitivity.

2

In summary, it is necessary to thoroughly evaluate the contribution of ancillary investigations to
the diagnostic accuracy of AP and PD, over and above the clinically based suspicions. Ultimately,
this will lead to a more patient-centered, tailor-made diagnostic approach and a cost-effective
deployment of the often expensive ancillary tests. We suggest that such ancillary investigations
are engaged based primarily on a careful neurological assessment (preferably including at least
one assessment by a movement disorders specialist), and warn against a ‘scattergun approach’,
which usually only adds to the confusion and to rising healthcare costs.
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Abstract
In this review article, conventional brain MRI and advanced MRI techniques in Parkinson’s disease
(PD) are discussed, with emphasis on clinical relevance. Conventional brain MRI sequences
generally demonstrate limited abnormalities specific for PD and in clinical practice brain MRI is
mainly used to exclude other pathology. Possibly, brain MRI at higher magnetic field strengths
could provide new diagnostic markers. In recent years, new imaging techniques such as susceptibility weighted imaging (SWI), diffusion (tensor) MRI, magnetization transfer imaging (MTI), and
functional MRI (f-MRI) have been applied to patient cohorts with PD to improve understanding
of pathophysiologic changes, including functional connectivity. These advanced MRI techniques
hold promise to provide additional diagnostic markers for early stage PD, as demonstrated by
diffusional changes in the orbital-frontal region in the pre-motor phase of PD. Whether these
advanced MRI techniques provide new diagnostic markers for early stage PD, remains a debate.
Standardization of scanning protocols and post-processing methods, and validation of diagnostic
criteria is crucial for these advanced MRI techniques. For this, well designed prospective clinical
cohort studies are needed.

3

Introduction
Parkinson’s disease (PD) is a late-onset neurodegenerative disorder with increased prevalence at
raising age, and the most frequent cause of parkinsonism. PD is currently defined clinically by the
presence of bradykinesia and at least one further motor symptom such as rest tremor or rigidity1.
Non-motor symptoms seem to be an integral part of the clinical spectrum of PD and some of these
changes may predate the onset of motor symptoms2. These include cognitive dysfunction, depression, hyposmia, as well as complex behavioral disorders.
The primary pathologic changes in PD involve loss of nigrostriatal dopaminergic neurons and
intra-neuronal Lewy bodies in the ventrolateral and caudal segment of the substantia nigra pars
compacta3,4. The substantia nigra consists of the pars compacta (SNpc), which serves mainly as an
input to the basal ganglia circuit supplying the striatum with dopamine, and the pars reticulata
(SNpr) which serves mainly as an output, conveying signals from the basal ganglia to numerous
other brain areas. The SNpc contains subgroups of dopamine-containing neurons, so-called nigrosomes, of which nigrosome 1 is the largest5. In post-mortem studies, it is shown that dopaminergic
loss in PD is higher in the nigrosomes than in other SN subregions, with maximal loss in nigrosome 16. In later disease stages, additional lesions arise in non-dopaminergic brain areas7. The
main anatomical and functional changes induced by PD can be divided into three different areas:
mesencephalic (dopaminergic neural loss), basal ganglia (dopaminergic depletion) and cortical
(functional reorganization)8.
In clinical practice, differentiating Parkinson’s disease from the various forms of neurodegenerative
atypical parkinsonism (AP) can be difficult, especially in early disease stages. Neurodegenerative
atypical parkinsonism includes separate disease entities such multiple system atrophy (MSA),
progressive supranuclear palsy (PSP) and cortical basal degeneration (CBD). There is a debate
whether Parkinson’s disease with dementia (PDD) and dementia with Lewy bodies (DLB) are the
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same disease entities9. Misdiagnosis rates in patients presenting with parkinsonism as high as 24%
have been reported10,11. Adequate recognition of the proper diagnosis influences the counseling of
patients, and to some extent also treatment. During clinical neurological examination, recognition
of various atypical findings is important (also referred to as ‘red flags’) as these can be suggestive
for AP12. Examples of such red flags include subtle cerebellar ataxia, prominent or early autonomic
dysfunction, inability to ride a bicycle, or fixed dystonia. As many signs become apparent in later
disease stages, it is challenging to make the correct diagnosis in early disease stages. For this
reason, there is a need for ancillary investigations to improve the diagnostic accuracy.
Brain MRI is commonly used in clinical practice to evaluate structural brain anatomy and pathology.
In neurodegenerative pathology, brain MRI can identify patterns of structural degradation in order
to help make the correct diagnosis. These structural changes can be regions of atrophy or structure signal intensity changes. In the diagnostic work-up of patients with parkinsonism, it is recommended to perform brain MRI13. The main purpose of brain MRI in the work-up of parkinsonism
is to assess cerebrovascular damage (vascular parkinsonism), and to exclude other possible but
more rare causes of parkinsonism such as multiple sclerosis, normal pressure hydrocephalus or
Wilson’s disease. Also, it can support the diagnosis of neurodegenerative atypical parkinsonism.
Conventional brain MRI has limited added value for the differentiation between PD and AP when
clinical certainty is already high, but has some added diagnostic value when the clinical diagnosis
is still uncertain14. Conventional brain MRI includes T1 weighted sequences to evaluate anatomical structures, T2 weighted sequences (including T2 fluid attenuated inversed recovery, FLAIR
sequence) sensitive to tissue property changes, and proton density sequences which combines
T1 and T2 sequence properties. In recent years, new imaging techniques have been applied to
patient cohorts with PD and AP to improve understanding of pathophysiologic changes, including
functional connectivity. These new MRI techniques are promising for clinical application in order
to improve the differentiation between PD and AP in early disease stages. These advanced imaging
techniques include susceptibility weighted imaging (SWI), diffusion (tensor) MRI, magnetization
transfer imaging (MTI),and functional MRI (f-MRI).
In this review article, conventional brain MRI and advanced MRI techniques in Parkinson’s
disease are discussed, with emphasis on clinical relevance.

3

Brain MRI in Parkinson’s disease
— Conventional imaging sequences
Routine brain MRI is usually normal in early PD, or will show age-related changes15. Later on,
cortical atrophy of the frontal or temporal lobe can be seen16 as illustrated in figure 1A. These
regions of atrophy can be assessed quantitatively by measurements of diameters and areas or by
voxel-based morphology (VBM) in which a 3D isotropic voxel T1 sequence is used (e.g. T1 MP-RAGE
sequence). VBM enables operator-independent and automated detection of differences between
groups. Using VBM, gray matter loss in cortical areas in the frontal lobe have been reported in
PD17. Cortical atrophy may be related to the development of dementia in PD, especially when the
limbic/paralimbic, anterior cingulate and subcortical grey matter structures are involved17-19. For
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routine clinical diagnostic work-up, the use of VBM is limited as no clear diagnostic criteria have
been defined or validated.
On T2 weighted images, the SNpr corresponds to an area of low signal intensity and the SNpc to an
area of relatively high signal intensity. In advanced disease stages, narrowing of the space between
the substantia nigra pars compacta and the pars reticulata can sometimes be seen20. Also, the
SN can demonstrate signal increase on T2 sequences, and initial studies were promising for the
T2 sequence to identify reduced width of the SNpc in PD21. As it is difficult to demarcate the SN
borders, especially the boundary between the SN and the crus cerebri, the use of conventional
sequences to evaluate the SN to diagnose PD was not reliable. Inversion recovery (IR) imaging to
suppress white and grey matter signal was proposed to better depict the SN in order to discriminate between PD and healthy controls22,23 and first results were promising though the study
population was small24. More recent automated comparison with SN histograms proved better25,
however additional validation is necessary to evaluate its diagnostic value in clinical practice.
In their study, Blazejewska et al. demonstrated in vivo, and post-mortem with histological
correlation, that high resolution 7T MRI can directly visualize nigrosome 126. In all 10 PD cases,
there was consistent bilateral absence of this nigrosome in PD, and present in 7 of 8 healthy
control cases. The absence of nigrosome 1 in the SNpc on high resolution MRI might be a new
diagnostic feature for PD. Their findings are in line with results published by another group27.

3

Conventional brain MRI has high specificity for different forms AP, though sensitivity is low mainly
in early disease stages14,28. In the putaminal form of MSA, atrophy and T2 hypo-intense signal
intensity changes of the putamen can be observed. In the cerebellar form of MSA, atrophy and
crucified T2 hyper-intense signal intensity changes of the pons (‘hot cross bun’ sign) as well as
T2 hyper-intense signal intensity changes of middle cerebellar peduncle and cerebellar atrophy
can be seen. In PSP, midbrain atrophy (‘hummingbird’ sign) and T2 hyper-intense signal intensity
changes in the superior cerebellar peduncle can be observed. The hallmark of CBD is asymmetric
cortical atrophy, mainly of the parietal lobe.

Advanced imaging sequences
— Susceptibility Weighted Imaging
Magnetic susceptibility indicates the degree of magnetization of a material in response to an
applied magnetic field. The induced magnetization is directly proportional to the main field and
the magnetic susceptibility characteristics of the substance. Most diagnostic MRI sequences rely
on the reading of magnitude information and the phase information is not use29. SWI uses both
magnitude and phase information to generate images as phase images contain information about
local susceptibility changes between tissues. Each tissue behaves differently in a magnetic field
and SWI can be useful in measuring iron content and other substances that changes the local
magnetic field30,31 (figure 1B). Using a standard T2 sequence as a measure of mineralization is unreliable, as it is also affected by factors such as myelin loss and changes in water concentration,
which vary within tissue type, presence of disease, and age31-33.
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A number of neurodegenerative disorders are associated with increased iron levels in specific
regions in the brain. In some diseases it is clear that disturbances of brain iron metabolism
results in tissue damage because of oxidative stress, such as the group of genetic disorders in
Neurodegeneration with Brain Iron Accumulation (NBIA). Patients with NBIA can present with
clinical symptoms of parkinsonism, but disease onset is typically at young age. Brain MRI with
SWI can be of added value for diagnosis and differentiation between NBIA subtypes34. In other
diseases, such as Parkinson’s disease, brain iron accumulation is seen in specific areas of the brain
in which it is not clear whether this iron accumulation is a primary cause of the neurodegenerative process or a secondary response to neurodegeneration. Also, neurodegenerative pathologic
susceptibility changes should be differentiated from normal aging brain changes35.
There are conflicting reports with regard to changes of iron content in the SN in PD36. In a study
using SWI to study 40 patients with PD and 26 age- and sex-matched healthy controls, increased
susceptibility in the SN in PD was found, which did not correlate with disease duration but did
correlate with severity of motor symptoms37. Increased susceptibility in the SN in PD in comparison to healthy controls has been reported in other studies using SWI as well38,39, though Gupta et
al. did not find susceptibility differences of the SN between PD and healthy controls40.
When evaluating pathologic susceptibility changes in other brain structures in patients
presenting with parkinsonism, these are mainly found in AP. Wang et al. found increased iron
deposition in the entire putamen and pulvinar thalamus in patients with MSA-P, which enabled
differentiation between MSA-P and PD39. Gupta et al. found greater susceptibility of the putamen,
red nucleus and substantia nigra in PSP which differentiated PSP from PD and MSA-P40. No correlation between disease severity and degree of mineralization in any of the groups was seen.
Another more practical application of SWI is the improved identification of the subthalamic
nucleus, which is of value for targeting deep brain stimulation surgery in PD41.

3

— Diffusion MRI
Diffusion weighted imaging (DWI) quantifies the random movement of water molecules, expressed
as mean diffusivity (MD). Restriction of the random motion of water molecules by the normal
architecture of glial tissue and fiber tracts is called anisotropy. Fractional anisotropy (FA) used
in diffusion tensor imaging (DTI) estimates the degree of anisotropy, either quantitatively or to
perform tractography (figure 1C). Changes in diffusivity seem to represent a quantitative measure
of microstructural integrity of white matter tracts and grey matter structures, and accordingly
microstructural damage in neurodegenerative disorders. The main methods to analyze quantitative diffusional data include the region-of-interest (ROI) method and voxel-based analyses (VBA),
of which tract-based spatial statistics (TBSS) is commonly used to study white matter tracts.
Changes in FA values have been reported throughout the brain in premotor PD, even when no
significant atrophy is seen42. Reduced FA values in PD patients compared to healthy controls have
been reported in the motor, premotor and supplementary motor cortex43,44. In addition, decreased
FA values and increased MD values in the genu corpus callosum have been reported in early stage
PD, which could indicate degeneration of the interhemispheric axonal connections between frontal
areas45. This is supported by the finding of significantly decreased FA values without volume loss
in the frontal lobes in PD patients compared with age-matched controls46. These microstructural
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changes in the frontal lobe can be the result of pathologic changes outside the substantia nigra in
PD, but may also reflect frontal lobe dysfunction which is common in early stage PD47.
Inconsistent results have been published regarding diffusional changes in the SN in PD. Decrease
of FA in the SN have been found in early disease stages of PD48-50. Greater reduction of FA in
the caudal region compared with the rostral region of the SN has been observed with complete
discrimination between early untreated PD patients and healthy controls51. This location seems
to be in accordance with earlier described changes in the nigrosome 1 region of the SNpc. Other
studies did not find differences in SN diffusivity measures between PD patients and healthy
controls52,53. Also, there is debate whether a correlation exists between disease severity and FA in
the SN. Some studies reported a correlation44, whereas others did not51,54.
Two recently published systematic reviews, differed in their conclusion whether SN diffusional changes can be used as a diagnostic marker55,56. Cochrane et al. found highly significant PD
induced FA reduction in the substantia nigra, but a much smaller variation in results comparing the
different studies55. Based on their DTI study on 59 subjects (32 PD patients and 27 matched healthy
controls) together with a systematic review and meta-analysis of available published reports,
Schwarz et al. conclude that there is insufficient evidence for nigral DTI measures to serve as a
useful diagnostic marker of PD at this point in time56. Differences in studies included in these two
meta-analyses as well as a variation of extracted values from included studies could explain their
contradicting conclusions56. Schwarz et al. stress the need for standardization of the anatomical
position of SN/SNpc, especially for ROI placement.

3

Some studies evaluated diffusional changes in relation to severity of clinical symptoms and in
relation to progression of symptoms57. Decline in overall functionality, including mental status and
stage of the disease, was related to altered diffusion in the lentiform nucleus and thalamus57.
Razek et al. reported significant differences in putaminal diffusional values between 25 PD
patients on levodopa treatment and 25 sex and age matched untreated PD patients and suggested
that these differences could be attributed to the use of levodopa58. However, other studies found
no effect of levodopa treatment on FA or ADC values49,59 and further studies are needed to elucidate the impact of antiparkinsonian treatment on diffusivity measures.
Diffusion-related measures have been correlated with cognitive performance in domains such as
executive function, language, and attention60. In addition, diffusion MRI has been used to get a
better understanding of specific non-motor signs of PD.
Dementia in PD (PDD) frequently occurs in late disease stages and is associated with more rapid
progression of disability and increased mortality61. Reported fiber tracts involved in PDD patients
include the (posterior) cingulate fiber tracts62,63, corpus callosum64, the superior and inferior longitudinal fasciculus, the inferior fronto-occipital fasciculus and the uncinate fasciculus65. Also, DTI
has been used to study differences between DLB and PDD. In DLB more severely impaired bilateral
posterior temporal, posterior cingular and visual association fibers have been reported66.
Depression occurs in approximately 40% of PD patients and probably results in large part from
the neurodegenerative changes occurring in PD67. Results of a voxel based DTI study suggest a
relationship between the mediodorsal thalamus and depressive symptoms68. Another study did
not find diffusional changes in PD with mild depressive symptoms, but did find reduced amygdale
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volumes69. Because the study populations were relatively small and did not include healthy
controls or patients with depression but without PD, these findings need additional validation.
Olfactory dysfunction is present in the majority of PD patients, even in the earliest pre-motor
clinical stages2. Several studies have reported decreased FA values or increased diffusivity values
in the olfactory tract and the anterior olfactory region in early stage PD patients70-72.
Diffusion MRI therefore seems to be able to detect both structural and functional neurodegenerative changes in the brain in early disease stages which to some extent correlate with clinical index
scores. Although diffusion MRI is a promising new technique for application in clinical practice,
standardization and validation of DTI acquisition, post-processing and diagnostic criteria is crucial
and lacking at this time.
3

A
Figure 1

B

C

Patient diagnosed with Parkinson’s disease. Conventional 3 Tesla brain MRI T2 FLAIR
sequence (A) showing non-specific cortical atrophy with sulcal widening and
enlargement of the lateral ventricles. Susceptibility weighted imaging (B) demonstrating
mineralization of the reticulate part of the substantia nigra (arrows), and diffusion tensor
imaging with tractography (C) for the evaluation of the corpus callosum.

— Magnetization Transfer Imaging
Magnetization transfer (MT) between free protons and protons bound to macromolecules is an
indirect measure of tissue integrity. Neurodegenerative changes in MT as measured by magnetization transfer imaging (MTI) probably results from neural loss and gliosis. Pathologic MT changes
in different brain structures have been detected with MTI, even when no evident atrophy or signal
changes are seen on conventional brain MRI. Reported brain structures include the basal ganglia73,
paraventricular white matter, brain stem and SN74-76. Also, MT changes in the olfactory cortex in
PD has been reported75. MT changes in these different brain structures in PD therefore seem to
correlate with pathologic changes throughout the brain as we have seen in diffusion MRI as well.
As MTI is reported to improve the visualization of neuromelanin, it seems to enable more accurate
evaluation of the SNpc in PD77,78.
In addition, MTI has been studied to differentiate between PD and AP. In their study Eckert
et al. found good discrimination between PD, HC and AP (consisting of MSA and PSP), though
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differentiation between PD and HC and differentiation between MSA en PSP was insufficient73. At
this point, the added value of MTI for more accurate diagnosis remains unclear.
— Functional MRI
F-MRI relies on detecting changes in cerebral blood flow. Blood flow to a region of the brain
increases when that region is functionally active. The primary form of f-MRI uses the Bloodoxygen-level dependent (BOLD) contrast (figure 2). F-MRI is used to map the brain to identify
regions linked to critical functions such as speaking, moving, sensing, or planning but can also be
used to study cognitive function. Another form f-MRI is resting state f-MRI (rs-fMRI), which enables
visualization of intrinsic signal fluctuations in brain structures when a subject is not performing an
explicit task. Rs-fMRI is used to evaluate regional interactions and functional connectivity. In PD,
rs-fMRI is mainly used to evaluate functional connectivity of motor pathways.
3
In a systematic review, Herz et al. conclude that f-MRI to examine motor activation in PD shifts the
focus from functional alterations at the cortical level to impaired activation in the basal ganglia79,
which is in line with findings of rs-fMRI in PD80,81. Helmich et al. found decreased coupling between
the posterior putamen and the inferior parietal cortex in PD80. In contrast, the anterior putamen
showed increased connectivity with the inferior parietal cortex, a finding that was interpreted
as compensatory. These results suggest that dopamine depletion in PD leads to a remapping of
cerebral connectivity that affects predominantly the sensomotor circuit and sensorimotor integration80. Changes in functional connectivity were also observed in relation to tremor in PD81. The
internal globus pallidus and putamen of tremor-dominant PD patients had increased functional
connectivity in the cerebellothalamic circuit. Also, globus pallidus dopamine depletion correlated
with clinical tremor severity. These results suggest that resting tremor might result from a pathological interaction between the basal ganglia and the cerebellothalamic circuit81. Cortical changes
in motor activation studied with f-MRI are not consistent in terms of PD-related up- or down-regulation of regional cortical activity, and rely more strongly on the applied motor task79.

Perspectives
As we have seen, conventional brain MRI sequences generally demonstrate limited abnormalities
specific for PD and brain MRI in clinical practice is mainly used to exclude other pathology. In order
to increase the diagnostic accuracy in early disease stages, a PD specific brain MRI diagnostic marker
is desirable. Possibly, this can be provided by MRI scanners with higher magnetic field strengths,
as illustrated by the identification of nigrosome 1 on 7 T brain MRI and its absence in PD. In other
instances, higher magnetic field strengths can provide additional conflicting results. An example is
the putaminal rim sign, considered to be suggestive of MSA on 1.5 T MRI and a normal finding on
3T MRI82. Therefore, increase of MRI field strength does not guarantee the gain of new diagnostic
markers. On the other hand, advanced MRI techniques benefit from higher magnetic field strengths
as it enables improved tissue contrast and increased temporal resolution.
Advanced MRI techniques hold promise to provide additional diagnostic markers for PD in
early disease stages, as demonstrated by diffusional changes in the orbital-frontal region which
are correlated with pre-motor phase of PD. The role of brain MRI in the pre-motor phase of PD
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needs to be further explored, as a very recent publication using MRI VBM and DTI did not find
changes in Parkinson’s disease related brain structures in a cohort of asymptomatic Parkinson
disease-related gene mutation carriers83. At this moment, identification of abnormal patterns of
brain iron accumulation seems to be useful to identify AP instead of providing an additional diagnostic marker for PD.
Advanced imaging techniques have helped to explore and understand pathophysiologic changes
in PD and AP by in vivo correlation between structural pathologic changes, functional connectivity and physical and cognitive functioning in a non-invasive manner, with a major role for the
functional imaging techniques (DTI and F-MRI). A major drawback is that findings of group wise
comparisons cannot be directly applied to clinical practice. A prerequisite for clinical application
is standardized post processing and well defined imaging criteria, which are generally lacking for
quantitative MRI techniques. Differences between MRI systems, scanning protocols and magnetic
field strength should be assessed and taken into account when defining imaging criteria. As noted
by Schwarz et al. for the SN56, future studies should asses the influence of iron depositions on
diffusional changes in brain structures and these should be correlated to age related physiological
changes. Prospective clinical cohort studies are needed to evaluate the added diagnostic value of
these new MRI techniques in relation to conventional brain MRI. Conducting such a study is challenging as obtaining histopathologic confirmation for larger study populations is practically impossible. Diagnosis based on a clinical follow-up of at least two years in the hands of a movement
disorders specialist is therefore crucial to obtain silver standard diagnosis11.
Positron emission tomography (PET) has been successfully employed to detect (preclinical)
dopaminergic dysfunction in PD, to demonstrate therapy effect and to monitor disease progression84. With the arrival of new hybrid imaging modalities, first experiences of combined PET/MRI
scanners in parkinsonism can be expected in the near future which could possibly aid in determining
diagnostic criteria for advanced MRI techniques.
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Figure 2

44

Blood-oxygen-level dependent (BOLD) functional MRI image in a patient performing
the finger tapping motor task of the right hand. Activation of the left motor cortex is
seen demonstrated by the orange overlay.
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Abstract
— Purpose
Case-control studies suggest that absence of a swallow tail appearance in the substantia nigra on
high-resolution SWI, representing nigrosome 1, has high accuracy to identify Parkinson’s disease
(PD). Our goal was (1) to confirm the presence of the healthy nigrosome 1 in vivo and ex vivo, and
(2) to evaluate its diagnostic value to differentiate between PD and atypical parkinsonism (AP) in a
prospective cohort with early stage parkinsonism.
— Material and methods
We performed a case-control pilot study using high-resolution susceptibility sensitive MRI to
identify nigrosome 1, ex vivo (2 PD, 2 controls) using 11.7T MRI and in vivo (7 controls, 1 PD)
using an optimized 3T SWI sequence. Next, a prospective observational study was performed in
60 patients (39 PD, 21 AP) presenting with early stage parkinsonism scanned with a clinical 3T SWI
sequence. Also, 12 controls were scanned.
The bilateral substantia nigra was scored by two neuroradiologists for the unambiguous
presence, unambiguous absence or indecisive presence of nigrosome 1. The discriminative power
was evaluated by receiver-operating characteristic (ROC).

4

— Results
We identified nigrosome 1 in controls both ex vivo at 11.7T and in vivo using optimized high-resolution SWI. Nigrosome 1 was not identified in the PD cases.
The AUC for the swallow tail sign to discriminate between PD and AP was 0.56 (0.41-0.71) for
reader 1 and 0.68 (0.55-0.82) for reader 2 in our prospective clinical cohort.
— Conclusions
The swallow tail sign was of no value to discriminate between PD and AP using our clinical 3T SWI
sequence. Optimized high-resolution SWI is probably crucial to reliably evaluate nigrosome 1.
— Keywords
Brain - MRI - SWI - Parkinson’s disease – nigrosome 1 - swallow tail
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Introduction
Parkinson’s disease (PD) is a neurodegenerative disorder with increasing incidence with age.
The classic motor symptoms include bradykinesia and at least one other such as rest tremor or
rigidity1. Non-motor symptoms also seem to be an integral part of the disorder and include cognitive dysfunction, depression, hyposmia, as well as complex behavioral disorders2. Although PD is
the most frequent cause of parkinsonism, other neurodegenerative disorders such as multiple
system atrophy (MSA), progressive supranuclear palsy (PSP), dementia with Lewy bodies (DLB)
and corticobasal syndrome (CBS) can present with identical clinical symptoms. This group of disorders is usually referred to as atypical parkinsonian disorders (AP). During clinical follow-up, the
rate of disease progression, the development of new symptoms and response to therapy may aid
in the differentiation between PD and AP. However, for adequate patient treatment and counseling it is important to establish the correct diagnosis in early disease stages. The differentiation
between PD and AP in these early disease stages can be challenging, and certainty about the
diagnosis can be increased with the aid of ancillary investigations3. It is advised to perform brain
MRI once during the course of the disease4. A diagnosis of AP can be suspected by the identification of regions of atrophy or signal intensity changes, e.g. atrophy or signal intensity changes of
the putamen or pontocerebellar region (‘hot cross bun’ sign) as seen in MSA, while atrophy of the
midbrain (‘Hummingbird’ sign) is suggestive of PSP. However, conventional brain MRI is usually
normal, or will show only age-related changes in PD5.
New MRI techniques, which have become available for clinical practice may have the potential
to provide a new diagnostic marker specific for PD. Iron content of the midbrain, demonstrated
as increased susceptibility on T2* or SWI (Susceptibility Weighted Imaging) sequences has been
described in PD6-8. Based on increased iron content of the substantia nigra in PD, a good discrimination between PD and AP using a support-vector-analysis of SWI has been reported8. Although
results of cohort studies evaluating quantitative techniques including DTI (Diffusion Tensor
Imaging) and T2* measurements are promising, clinical application is limited because published
study results are not consistent and validated diagnostic criteria are generally lacking9.
A compartmental organization of the substantia nigra, consisting of nigral matrix and nigrosomes, has first been described based on the immunohistochemical staining of calbindin in striatonigral afferent fibers10. It was reported that the largest of the nigrosomes called nigrosome 1,
located in the ventro-lateral substantia nigra, was most affected in PD exhibiting the maximum
depletion of dopaminergic cells11. In recent in vivo and postmortem studies using high-resolution
susceptibility sensitive MR imaging techniques (7 T but also 3 T MRI), the nigrosome 1 subregion
can be identified in healthy controls but is reported to be absent in PD12,13. Nigrosome 1 is identified as a region in the ventro-lateral part of the substantia nigra lacking susceptibility, bordered
by two lines of susceptibility resembling a swallow tail (Figure 1). A swallow tail appearance of the
healthy nigrosome 1, and its absence in PD, has recently been evaluated in a case-control study
with observed good discrimination between PD and controls (reported accuracy 91-96%)14. It is
not known whether the absence of the swallow tail sign on SWI could discriminate PD from AP.

4

The first goal of our pilot study was to identify the swallow tail appearance of the healthy nigrosome 1 in and ex vivo, using optimized high-resolution susceptibility sensitive MRI sequences. Our
second goal was to evaluate the diagnostic value of the swallow tail sign to differentiate between
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PD and AP in a cohort with early stage parkinsonism using a clinical 3 T SWI sequence. These
patients were prospectively recruited as part of a larger clinical cohort study.

4

A

B

Figure 1

Schematic representation of nigrosome 1 on SWI (asterisks), a subregion in the
ventrolateral substantia nigra pars compacta lacking susceptibility bordered by
two lines of susceptibility resembling a swallow tail.
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Material and methods
— Ex vivo case-control study (11.7 T MRI)
Postmortem formalin fixed midbrain samples of 2 patients with histopathologically confirmed PD
(76 y/o male and 81 y/o female) and 2 controls (76 and 84 y/o females without a neurodegenerative disorder) were collected. Slices of the midbrain including the lower part of the substantia
nigra were rehydrated with phosphate buffered saline for one week to reduce fixation-induced T2
shortening. A unilateral part of the midbrain samples (measuring approximately 10 x 10 x 5 mm),
was placed in a syringe filled with Galden D40 perfluoropolyether (Solvay Solexis, New York). The
samples were stored at room temperature for 72 hours prior to scanning and air bubbles were
removed. This method is in accordance with a previous ex vivo MRI study of our group15.
Imaging was performed on an 11.7T BioSpec Avance III small animal MRI system (Bruker
BioSpin, Ettlingen, Germany) equipped with an actively shielded gradient set of 600 mT/m and
operated by the ParaVision 5.1 software platform. A circular polarized volume resonator was
used for signal transmission, and an actively decoupled mouse brain quadrature surface coil with
integrated combiner and preamplifier (Bruker BioSpin) for signal reception. After standard adjustments, 2D and 3D gradient echo sequences were acquired. Details of the scanning protocol are
provided in Table 1.
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The images were visually inspected by two neuroradiologists (FJAM and BG) for the presence of
a swallow tail appearance in the substantia nigra pars compacta, in order to identify nigrosome 1.
— In vivo case-control study (optimized high-resolution 3 T SWI)
An optimized 3D high-resolution SWI sequence (0.5x0.5x0.7 mm voxel) of the midbrain was
obtained in 7 controls (mean 68.7 years, M:F = 2:5) and 1 patient diagnosed with PD (67 year
old male) using a 3 T MRI scanner (Magnetom Trio, Siemens, Erlangen, Germany). Details of the
scanning protocol are provided in Table 1. The images were evaluated by two neuroradiologists
(FJAM and SS), blinded to the diagnoses. The bilateral substantia nigra was scored for the presence,
absence or indecisive presence of nigrosome 1. In case of discrepancy, consensus was reached.
— Clinical cohort and case-control study (clinical 3 T SWI)
A prospective observational study of 60 patients presenting with early stage parkinsonism, part
of a larger clinical cohort study, was performed. The medical ethics committee of our hospital
approved the study and all participants gave written informed consent prior to inclusion. Patients
were recruited at our outpatient movement disorder clinic in the period 2010-2012. Study inclusion criteria were clinical signs and symptoms of parkinsonism (hypokinetic-rigid syndrome) with
uncertain clinical diagnosis and disease duration less than 3 years. Exclusion criteria were age
under 18 years, prior brain surgery, presence of another neurodegenerative disorder and unstable
co-morbidity.
After mean clinical follow-up of 24.6 (±12.4) months, ‘silver standard’ diagnoses could be
made by two experienced clinicians (AR, RE): 39 patients were diagnosed with PD and 21 patients
with AP (13 MSA-P, 3 PSP, 3 DLB, 1 vascular parkinsonism, 1 CBS). These diagnoses were made
according to international diagnostic criteria16-21, based on neurological signs that developed
during the course of the disease (as identified during repeat neurological exams), rate of disease
progression and treatment response. In addition, 12 controls were included. Demographic criteria
of the study groups are summarized in Table 2. In comparison to PD, disease severity and severity
of motor symptoms were higher for AP (p<0.05).
At the baseline of this study, all patients had a 3 T brain MRI scan (Magnetom Trio, Siemens,
Erlangen, Germany), which included a clinical SWI sequence with high in plane resolution but 3 mm
slice thickness (0.63x0.63x3 mm voxels). Details of the scanning protocol are provided in Table 1.
These SWI sequences were visually evaluated by two neuroradiologists (FJAM and SS), blinded
to clinical information and diagnoses. The bilateral substantia nigra was scored for the unambiguous presence, unambiguous absence, or indecisive presence of nigrosome 1. Unilateral absence
of nigrosome 1 was considered indicative of PD irrespective of the presence of nigrosome 1 on the
other side, as the onset of PD can be asymmetrical.
Cohen’s kappa co-efficient was used to evaluate intra- and inter-rater variability. Agreement
was graded as: kappa < 0.20, poor agreement; 0.21 - 0.4, fair agreement; 0.41 - 0.60, moderate
agreement; 0.61 - 0.80, good agreement; > 0.80, excellent agreement. One reader (FJAM) has
scored all MRI studies twice with two weeks interval in order to evaluate intra-rater variability.
The discriminative power of the swallow tail appearance was evaluated for both readers with
the receiver-operating characteristic (ROC).
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Table 1 Details of the MRI scanning protocols used
Study /
MR ﬁeld strength

Sequence

TR/TE

Flip
angle °

Matrix
size

Ex vivo / 11.7 T

2D MGE

1248/5

12

3D MGE
(11 echos)

57/3.4-53.4

30

In vivo highresolution SWI / 3 T

3D gradient
echo SWI

38/30

In vivo SWI 3 mm
sliced / 3 T

3D gradient
echo SWI

29/20

MGE

Voxel (mm)

No. of
averages

Acquisition
time

512x512

0.079 x 0.079 x 0.64

2

16 min

256x256

0.112 x 0.112 x 0.112

-

47 min

19

384x384

0.5 x 0.5x0.7

1

5 min

15

384x384

0.63 x 0.63x3

1

4 min,
42 sec

= Multi-gradient echo

Table 2 Demographic data of the prospective study group

4

PD
(n = 39)

AP
(n = 21)

Controls
(n = 12)

Mean age (yrs)

61.5 (9.1)

64.8 (7.7)

71.4 (7.4)

Gender (M:F)

24:15

9:12

8:4

Disease duration (months)

21.6 (11.9)

28.4 (11.1)

-

MMSE

28.5 (1.6)

28.2 (1.5)

-

H&Y

1.7 (0.65)*

2.4 (0.61)*

-

UPDRS-III

32.4 (12)*

45.7 (12.8)*

-

PD
AP
MMSE
H&Y
UPDRS-III
*
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=
=
=
=
=
=

Parkinson’s disease
Atypical parkinsonism
Mini-Mental State Examination
Hoehn and Yahr staging scale
Unified Parkinson’s Disease Rating Scale - III
Student’s t-test p-value <0.05
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Results
— Ex vivo case-control study (11.7 T MRI)
Nigrosome 1 was identified by a swallow tail appearance in the ventrolateral substantia nigra pars
compacta on the MR images of the two control samples, while nigrosome 1 was not identified in
the two PD samples (Figure 2).
— In vivo case-control study (optimized high-resolution 3 T SWI)
Both readers identified nigrosome 1 in all 7 controls. In one control, the presence of nigrosome 1
was indecisive unilaterally. After consensus reading, the swallow tail sign of the substantia nigra
was considered to be absent bilaterally in the patient diagnosed with PD (Figure 3).
— Clinical cohort and case-control study (clinical 3 T SWI)
Table 3 demonstrates the distribution of nigrosome 1 as identified by both readers in PD, AP and
controls. Inter-rater variability proved to be fair (kappa 0.35). Intra-rater variability proved to be
moderate (kappa 0.44). For reader 2, nigrosome 1 was identified in the majority of PD patients
(56%), while this was the case in a minority of PD patients for reader 1 (23%).
The ability of the swallow tail sign to discriminate between PD and controls resulted in an AUC
of 0.72 (0.58-0.87) for reader 1 and 0.58 (0.39-0.77) for reader 2. For the discrimination between
PD and AP, the AUC was 0.56 (0.41-0.71) for reader 1 and 0.68 (0.55-0.82) for reader 2.

R

R

4

R

R
A

B

C

D

Figure 2

Ex vivo midbrain samples scanned with a multi-gradient echo sequence on a 11.7 T MRI
scanner. A swallow tail appearance of nigrosome 1 is identified in the lower part of the
substantia nigra pars compacta (encircled) in two controls (A and C). Nigrosome 1 could
not be identified in two samples diagnosed with Parkinson’s disease (B and D).

R

= Red nucleus
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A
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C
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Figure 3

Axial 3 T SWI images of the midbrain

Optimized high-resolution SWI (0.5x0.5x0.7 mm voxel) with a swallow tail appearance
of nigrosome 1 in a control subject (A) and its absence in a patient diagnosed with
Parkinson’s disease (B).
lower row 3 T SWI (0.63x0.63x3 mm voxel) demonstrating a swallow tail configuration in the
substantia nigra in a patient diagnosed with dementia with Lewy bodies (C) and its
absence in a patient diagnosed with vascular parkinsonism (D).
upper row

Discussion
Based on the results of previous case-control studies12-14, the swallow tail sign seems to be a promising new diagnostic MRI marker in the diagnostic work-up of parkinsonism. A major advantage
is that it can be easily implemented in everyday clinical practice because there is no requirement
for complicated post processing prior to visual assessment, in contrast to quantitative MRI techniques. Using a 11.7 T MRI scanner, we were able to identify the swallow tail appearance of nigrosome 1 in the substantia nigra pars compacta in ex vivo midbrain samples of controls. In two
midbrain samples with histopathologically confirmed PD, this structure was absent. Nigrosome 1
could also be identified in vivo in our control subjects using an optimized high-resolution SWI
sequence on 3 T MRI.
In our prospective observational cohort study, the diagnostic accuracy of the swallow tail sign
to differentiate between PD and AP was marginal, with limited intra- and inter-rater agreement.
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This also accounts for the differentiation between PD and controls, with a diagnostic performance
clearly lower than the case-control studies published previously. A likely explanation for this
discrepancy is that the 3 mm slices of our clinical SWI protocol are too thick to reliably visualize
nigrosome 1, despite its high in-plane resolution. This explanation is supported by the fact that a
swallow tail configuration in the substantia nigra was missing in a significant part of the control
subjects on this sequence, while it was visualized in all 7 controls using a higher resolution SWI
sequence. The minimal required spatial resolution of SWI to reliably identify nigrosome 1 has not
been reported, though an optimized 3D high-resolution SWI is probably crucial with increased
confidence at higher magnetic field strengths. In a very recent case-control study comparing 7 T
and 3 T for the evaluation of nigrosome 122, the confidence in revealing the inner structure of
the substantia nigra on 3 T was inferior to that of 7 T as demonstrated by lower intra and inter
observer agreement at 3 T. Also, the diagnostic accuracy to identify PD proved to be slightly lower
for 3 T (86 %) in comparison to 7 T MRI (96%). Increased T2* contrast and magnetic susceptibility effects of paramagnetic substances at higher magnetic fields is the explanation the authors
consider the most likely for the superior imaging performance of 7 T, rather than a higher spatial
resolution which only differed slightly between 3 T and 7 T22.
Furthermore, it can be debated whether a swallow tail configuration identified on our relatively thick sliced SWI sequence actually represents nigrosome 1 in the inner structure of the
substantia nigra, or would be a reflection of the closely related substantia nigra and subthalamic
nucleus. This bears the risk of a false positively identified nigrosome 1.
Another discrepancy with previous studies, is that a swallow tail configuration in the substantia
nigra was frequently seen in our prospective cohort of patients diagnosed with PD. Our PD patients
were probably scanned earlier in the course of the disease (mean disease duration 21.6 months)
than the case-control studies published previously (which included patients with disease duration
up to 10 years)13,14,22. Also, the previously mentioned study using vector support analysis of SWI8
included PD patients in moderate advanced disease stages. The absence of nigrosome 1 in the
substantia nigra in PD on SWI is probably not explained by predominant degeneration or volume
loss, but is most likely explained by pathological increased iron accumulation with increased
susceptibility on SWI as a result14. However, in previous studies increase of the iron concentrations
of the substantia nigra does not seem to be related to the disease duration in PD, while it was
correlated with the severity of motor symptoms23,24. Another possible explanation for the absence
of nigrosome 1 in PD is decreased neuromelanin content of the substantia nigra with decreased
iron storage capacity leading to more free iron with paramagnetic properties25.
It needs to be determined whether the absence of nigrosome 1 on SWI in PD is related to
disease duration and whether it correlates with loss of presynaptic dopamine transporters, as
demonstrated by nuclear scan techniques. In case the absence nigrosome 1 on SWI is not related
to disease duration, it could prove to be a useful diagnostic MRI marker in the work-up of early
stage parkinsonism. It needs to be determined whether it is PD specific and not valid for atypical
parkinsonism.

4

There are some limitations to our study. Our in vivo and ex vivo case-control studies included
only a few subjects. Because case-controls studies with a larger amount of subjects have been
published recently, we only aimed to reproduce the identification of the healthy nigrosome 1 and
its absence in PD. Furthermore, we aimed to estimate the influence of an optimized high-resolution
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SWI as compared to our clinical SWI protocol for the evaluation of nigrosome 1. A limitation of
our prospective observational cohort is that we do not have post-mortem confirmation of the
diagnoses, and therefore we cannot fully rule out misdiagnosis. Well-designed prospective clinical
cohort studies are warranted for assessing the diagnostic accuracy of the swallow tail sign in early
stage parkinsonism. Conducting such a study is challenging because obtaining histopathologic
confirmation for larger study populations is practically impossible. A clinical follow-up in the hands
of a movement disorders specialist is crucial to obtain a ‘silver standard’ diagnosis26, which then
enables the evaluation of the diagnostic accuracy of brain MRI performed at baseline.
In conclusion, the swallow tail sign was of no value to discriminate between PD and AP in our
cohort of early stage parkinsonism using our clinical 3 T SWI sequence with high in plane resolution but 3 mm slice thickness. An optimized high-resolution SWI sequence is probably crucial to
reliably evaluate nigrosome 1, and its diagnostic value in the work-up of early stage parkinsonism
needs to be determined in future well designed prospective clinical cohort studies.

4

Table 3 The absence, presence and indecisive presence of nigrosome 1 in Parkinson’s disease,
atypical parkinsonism and controls
Nigrosome 1
absent

Nigrosome 1
present

Nigrosome 1
indecisive

PD (n = 39)

23 (59%)

9 (23%)

7 (18%)

AP (n = 21)

14 (67%)

6 (29%)

1 (5%)

1 (8%)

8 (67%)

3 (25%)

PD (n = 39)

13 (33%)

22 (56%)

4 (10%)

AP (n = 21)

14 (67%)

7 (33%)

0 (0%)

Controls (n = 12)

6 (50%)

5 (42%)

1 (8%)

Reader 1

Controls (n = 12)
Reader 2

PD
AP

60

= Parkinson’s disease
= Atypical parkinsonism
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Abstract
— Background and purpose
Various signs on routine brain MRI can help differentiate between Parkinson’s disease (PD) and the
various forms of atypical parkinsonism (AP). Here, we evaluate what routine brain MRI contributes
to the clinical diagnosis, in both early and advanced disease stages.
— Material and methods
We performed a prospective observational study in 113 patients with parkinsonism, but
without definite diagnosis upon inclusion. At baseline, patients received a structured interview,
comprehensive and standardized neurological assessment, and brain MRI. The silver standard
diagnosis was made after three years of follow-up (PD: n=43; AP: n=57), which was based on
disease progression, repeat standardized neurological examination and response to treatment.
The clinical diagnosis was classified as having either ‘low certainty’ (lower than 80%) or ‘high
certainty’ (80% or higher).
The added diagnostic yield of baseline MRI results were then studied relative to clinical neurological evaluation at presentation, and at follow-up. Sensitivity and specificity for separating AP
from PD were calculated for all potentially distinguishing MRI abnormalities described previously
in the literature.

5

— Results
MRI abnormalities showed moderate to high specificity but limited sensitivity for the diagnosis
of AP. These MRI abnormalities contributed little over and above the clinically based diagnosis,
except when the clinical diagnosis was uncertain. For these patients, presence of putaminal or
cerebellar atrophy was particularly indicative of AP.
— Conclusion
Routine brain MRI has limited  added value for differentiating between PD and AP when clinical
certainty is already high, but has some diagnostic value when the clinical diagnosis is still uncertain.
— Keywords
MRI –  Brain - Parkinson’s disease – Atypical parkinsonism
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Introduction
Differentiating Parkinson’s disease (PD) from the various forms of atypical parkinsonism (AP),
such as multiple system atrophy (MSA), progressive supranuclear palsy (PSP), and corticobasal
syndrome (CBS) can be challenging, especially in early disease stages. Clinical diagnostic criteria
are suboptimal or only partially validated1. Clinical-pathological studies show that the rates of
misdiagnosis during life can be as high as 24%, especially in early disease stages2-6. However, a
correct and timely diagnosis is important for both patients (e.g. counseling) and clinicians (e.g.
being alert for development of specific disease complications, such as nocturnal stridor in MSA).
It is therefore common practice to call for ancillary investigations to improve the differentiation
between PD and AP.
Brain Magnetic Resonance Imaging (MRI) is the most widely used ancillary test, and can be
used to search for presence of e.g. cerebrovascular disease or normal pressure hydrocephalus7.
Routine brain MRI studies, including T1, T2, T2 FLAIR and proton density sequences, are
typically normal in PD8,9. In contrast, many signs have been described for the various APs, but
these changes are usually seen in advanced disease stages10. Well-known brain MRI abnormalities
include: putaminal atrophy and signal changes in MSA-P; atrophy of the pons and cerebellum and
the hot cross bun sign in MSA-C; atrophy of the midbrain in PSP; and asymmetric cortical atrophy
in CBS8. However, the added diagnostic value of these brain MRI abnormalities over and above the
clinical diagnosis remains unknown.

5

Our objective here was to evaluate the diagnostic value of routine brain MRI relative to the clinically based differentiation between PD and the various forms of AP. A specific new element was
our evaluation whether brain MRI improved the diagnostic accuracy, taking into account the level
of certainty about the clinically based  diagnosis. For this purpose, we performed a prospective
3-year follow-up study in a large cohort of patients with an uncertain diagnosis, and used the
‘silver standard’ diagnosis at follow-up (i.e. based on rate of disease progression, new neurological
signs and response to treatment) for subsequent comparisons with the baseline MRI results.

Material and methods
— Study group
We performed a prospective observational study in 113 patients with various forms of parkinsonism, but without clinically definite diagnosis upon inclusion. Inclusion criteria were clinical
signs and symptoms of parkinsonism. Exclusion criteria were age under 18, prior brain surgery, and
unstable co-morbidity. Patients with dystonic tremor and a normal DAT scan were excluded from
the study, using careful clinical assessment11. Consecutive patients were recruited from the outpatient department of our movement disorder center between 2003-2006. The study was approved
by the medical ethics committee  of our center and all participants gave written informed consent.
— Study design
Patients were clinically assessed (history taking and neurological examination) at baseline and
after three years of follow-up. All examinations were performed by one neurologist specialized in
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movement disorders (WFA). The assessments at baseline included the Unified Parkinson’s Disease
Rating Scale (UPDRS-III; assessing severity of motor symptoms )12, Mini-Mental State Examination
(MMSE; global cognitive status)13, Hoehn and Yahr staging scale (H&Y; disease severity)14 and the
clinical effect of levodopa administration. At baseline all patients had a brain MRI scan, IBZMSPECT, anal sphincter EMG, and comprehensive CSF analysis.
After completion of the study, the diagnosis at baseline and the silver standard diagnosis at three
years follow-up were made during a consensus meeting with two experienced movement disorders experts (BRB and RAJE).  For the baseline clinical diagnosis only data from the initial history
taking and neurological examination were used. All diagnoses were made according to international diagnostic criteria15-20.
Our primary interest was in separating PD from the group of AP, and therefore all various forms
of AP were grouped together. The level of diagnostic certainty after the baseline clinical neurological examination was scored using a visual analogue scale, ranging from 0 (completely uncertain)
to 100 (completely certain). The clinical diagnosis was classified as having either ‘low certainty’
(when the clinically based rate of certainty was lower than 80%) or ‘high certainty’ (when the
clinically based rate of certainty was 80% or higher).
The silver standard diagnosis was made using the data obtained after three years of follow-up  
data, and included rate of disease progression, new neurological signs during repeated neurological examination and response to treatment. Again the level of diagnostic certainty was scored.
There was no inter-rater disagreement regarding the nature of the diagnoses at baseline or
after follow-up, but there were occasionally differences regarding the level of certainty about the
diagnosis. In case of such a discrepancy, a consensus diagnosis was made.
We hypothesized that MRI at baseline would have additional diagnostic value for increasing
the degree of certainty of the clinical diagnosis at baseline, using the follow-up diagnosis at three
years as silver standard.

5

— Brain MRI
All patients had a brain MRI at first presentation, performed on a 1 Tesla (66 patients) or 1.5
Tesla MRI scanner (44 patients). The scanning protocols were not standardized, reflecting daily
clinical practice, and included: axial T1 spin echo , T2 turbo spin echo, T2 FLAIR, and proton density
sequences. Half of the scanning protocols also included a sagittal T1 or T2 image.
The brain MRI studies were evaluated in a standardized way by two neuroradiologists (FJAM
and BG) blinded to the clinical symptoms and diagnosis. The signs and abnormalities were selected
based on a literature search8-10. Criteria to select these abnormalities were that they should be
validated for the evaluation of parkinsonism, able to be seen on routine brain MRI and to be
easily scored. The following MRI changes were scored: putaminal T2 hypo-intensity, putaminal rim
sign, putaminal atrophy, frontal lobe and parietal lobe atrophy, lateral, third and fourth ventricle
dilatation, midbrain and pontine atrophy, hummingbird sign, atrophy of the cerebellum and cerebellar vermis, atrophy of the medulla oblongata, pontine T2 hyperintensity and hot cross bun sign,
white matter changes and lacunar infarction. For standardization, the scoring system proposed by
Yekhlef in 2003 was used10. White matter changes were scored according to the age-related white
matter changes (ARWMC) criteria21.
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— Statistical analysis
Inter-observer agreement was evaluated by the kappa coefficient in a sample of 60 patients. We
evaluated the discriminative power of each individual parameter. As all parameters were dichotomous, we calculated their sensitivity and specificity. Next, we used multivariate logistic regression
with forward selection to investigate whether particular combinations of parameters would lead
to better discrimination. Such an approach results in a score, consisting of a weighted sum of
parameters. This score is not dichotomous, therefore we used the area under the receiver operation curve (AUC) to evaluate its discriminative power.  When scores are constructed on the basis
of parameter selection methods, the AUCs tend to be overestimated, in particular when many
candidate parameters are used (optimism). We used cross-validation to estimate the optimism
and we present both the raw AUCs and the AUCs corrected for optimism. Subgroup analyses were
performed for patients with either short (<36 months) or longer duration of symptoms, and also
for patients with either ‘high certainty’ or ‘low certainty’ about the initial clinical diagnosis.
Table 1 Patient characteristics
PD
(n=43)

AP
(n=57)

Age, years

59.1 (10.8)*

65.2 (8.3)*

Disease duration, months

42.4 (37.1)

46.6 (39.7)

% < 36 months symptoms
UPDRS-III

56 %

42 %

26.2 (13)

30.5 (15.5)

..

27

5

AP subtype (after follow-up of 3 years)
Multiple system atrophy
Progressive supranuclear palsy

..

7

Dementia with Lewy bodies

..

1

Corticobasal syndrome

..

1

Vascular parkinsonism

..

21

Note
PD
AP
UPDRS-III
*

Data represent mean (SD). For atypical parkinsonism subtypes the number of patients are mentioned.
= Parkinson’s disease
= Atypical parkinsonism
= Unified Parkinson’s Disease Rating Scale motor part. P-values were assessed using Student’s t-test
= p < 0.05
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Results
— Diagnoses
Thirteen patients were excluded because a diagnosis other than PD or AP was made (n=8) or
because patients were lost to follow-up (n=5). One hundred patients were therefore included in
the final statistical analyses.
After three years of follow-up, the silver standard diagnoses were: PD (n=43), MSA (n=27), PSP
(n=7), 1 LBD (n=1), CBS (n=1) and vascular parkinsonism (n=21) (Table 1). Mean age of patients
diagnosed with an AP was higher than for patients with PD. Disease severity as measured by
UPDRS-III was slightly higher in AP.
At baseline ‘low certainty’ about the clinical diagnosis was present in 46% of patients ultimately diagnosed with PD after follow-up, and for 39% of patients ultimately diagnosed with AP
(p=0.278). This was equal for patients with short (<36 months) and longer (>36 months) duration
of symptoms at presentation. After three years follow-up the final diagnosis differed from the
baseline clinical diagnosis in 21% of patients: 6 patients were diagnosed PD where they were
initially diagnosed AP and 15 patients were diagnosed AP where they were initially diagnosed PD.  
— Inter-observer agreement MRI changes
Inter-observer agreement for the various MRI changes differed. Atrophy and T2 hypo-intensity
changes of the putamen and frontal and parietal lobe atrophy showed low inter-observer agreement (k<0.3). Good inter observer agreement (k=0.6 – 0.8) was seen for lateral ventricle dilatation, third and fourth ventricle dilatation, hummingbird sign, medulla oblongata atrophy and white
matter changes. The hot cross bun sign showed excellent inter observer agreement (k=0.85).

5

— Diagnostic value of combinations of MRI changes
The AUC of a combination of MRI changes for the whole group did not exceed 0.74 (0.71 after
correction for optimism), whereas clinical evaluation alone resulted in an AUC of 0.80. The combination of clinical evaluation and MRI changes did not lead to an increase of the AUC (=0.80). For
patients with low certainty about the initial clinical diagnosis, the AUC of the clinical evaluation
was 0.67 (sensitivity 59% and specificity 75%, Fig. 1). For a combination of clinical findings and
MRI results, the AUC increased to 0.81 (0.77 after correction for optimism). The MRI parameters
responsible for this additional discriminative power were cerebellar and putaminal atrophy. In
patients with low certainty about the clinical diagnosis, sensitivity increased to 68% and specificity
increased to 86% for the combination of the clinical diagnosis AP and cerebellar atrophy.
— Diagnostic value of individual MRI changes
Except for atrophy of the medulla oblongata, all MRI signs and abnormalities were seen in PD as
well as AP (Table 2). Atrophy of the midbrain, pons, cerebellum, medulla oblongata and T2 signal
intensity changes in the pons and putamen showed high specificity for the diagnosis of AP, but
limited sensitivity. Subgroup analysis in patients with duration of symptoms more than 36 months
showed the same high specificity and moderate to low sensitivity for the diagnosis of AP.
For patients with low certainty about the initial clinical diagnosis (42 patients) putaminal
atrophy, putaminal rim, hummingbird sign and lacunar infarction were seen in a minority of

72

Contribution of routine brain MRI to the differential diagnosis of parkinsonism:
a 3-year prospective follow-up study

patients with a final diagnosis of AP, but were not seen at all in patients with a final diagnosis of PD
(Table 3). This results in a high positive predictive value.
In differentiating between the different forms of atypical parkinsonism, atrophy and signal
changes of pons and putamen were relatively specific for MSA and midbrain atrophy was relatively
specific for PSP.
Table 2 Frequency of brain MRI abnormalities and ability of brain MRI to identify atypical parkinsonism
MRI abnormality

PD
n (%)

AP
n (%)

Sensitivity
% (CI)

Speciﬁcity
% (CI)

PPV
% (CI)

NPV
% (CI)

Putamen atrophy

3 (7)

17 (30)

30 (19-44)

93 (80-98)

85(61-96)

51 (39-62)

Putamen T2 hypointensity

6 (14)

9 (16)

16 (8-29)

86 (71-94)

60 (33-83)

44 (33-55)

Putaminal rim

1 (2)

9 (16)

16 (8-29)

98 (86-100)

90 (54-99)

47 (37-58)

Frontal lobe atrophy

10 (23)

23 (40)

46 (33-59)

77 (61-88)

72 (55-85)

52 (39-64)

Parietal lobe atrophy

10 (23)

26 (46)

46 (33-59)

77 (61-88)

72 (55-85)

52 (39-64)

Lateral ventricle dilatation

9 (21)

25 (44)

44 (31-58)

79 (64-89)

74 (55-86)

51 (39-64)

Third ventricle dilatation

9 (21)

25 (44)

44 (31-58)

79 (64-89)

74 (55-86)

51(39-64)

Midbrain atrophy

4 (9)

13 (23)

23 (13-36)

91 (77-97)

76 (50-92)

47 (36-58)

Hummingbird sign (n=50)

1 (6)

6 (18)

18 (8-36)

94 (69-100)

86 (42-90)

37 (23-53)

Fourth ventricle dilatation

5 (12)

16 (28)

28 (17-42)

88 (74-96)

76 (52-91)

48 (37-60)

Pons atrophy

1 (2)

11 (19)

19 (10-32)

98 (86-100)

92 (60-100)

48 (37-59)

Pons T2 hyperintensity

5 (12)

12 (21)

21 (12-34)

88 (74-96)

70 (44-89)

46 (35-57)

80 (30-99)

Hot cross bun sign

1 (2)

4 (1)

7 (2-17)

98 (86-100)

Medulla oblongata atrophy

0 (0)

7 (12)

12 (5-24)

100(90-100) 100 (56-100)

44 (33-54)
46 (36-57)

Cerebellar atrophy

7 (16)

24 (42)

42 (29-56)

84 (69-93)

77 (58-90)

52 (40-64)

Cerebellar vermis atrophy

2 (5)

11 (19)

19 (10-32)

95 (83-99)

85 (54-97)

47(36-58)

Lacunar infarction

1 (2)

9 (16)

16 (8-29)

98 (86-100)

90 (54-99)

47 (37-58)

Note:
PD
AP
PPV
NPV

5

For Sensitivity, specificity, PPV and NPV a 95% Confidence Interval (CI) was used.
= Parkinson’s disease
= Atypical parkinsonism
= Positive predictive value
= Negative predictive value
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Discussion
We studied the diagnostic value of routine brain MRI for the differentiation between PD and AP.
A new element of this study was our analysis of brain MRI results relative to the clinical diagnosis
at presentation, taking into account the degree of certainty about the initial clinical diagnosis,
and using a carefully defined silver standard diagnosis made after three years of follow-up by
experts in the field. Moreover, we did not perform cerebral MRI in patients with advanced and
established disease (where the added value is presumably more limited), but earlier in the course
of the disease when clinical certainty was lower, creating a greater need for additional diagnostic
information from ancillary studies. To reach the silver standard diagnosis, we followed all patients
for three years, allowing us to make a more certain clinical diagnosis (using repeat neurological
examination, monitoring for new disease signs, information about disease progression, and treatment responsiveness). Our study confirms earlier reports that routine brain MRI can identify
abnormalities which have a high specificity for diagnosing AP, but with a limited sensitivity8,10,22.  
These abnormalities include atrophy of the midbrain, pons, cerebellum and medulla oblongata
and T2 hypo-intensity changes of the putamen and the hot cross bun sign. The new finding from
the present prospective follow-up study is that the added diagnostic value of brain MRI is relatively
highest for those patients where the baseline diagnostic certainty is lowest.
Our study also demonstrates that the clinically based diagnosis is good, at least in the hands
of experienced movement disorders specialists. The degree of certainty about the clinical diagnosis was more important in predicting the diagnosis at follow-up than durations of symptoms
alone.  For the whole group brain MRI did not improve the differentiation between PD and AP.
However, when the degree of certainty about the clinical diagnosis was low (<80%), brain MRI
did have some added diagnostic value. In these patients, cerebellar and putaminal atrophy on
routine brain MRI improved the AUC for the differentiation between PD and AP. We therefore
conclude that routine brain MRI has limited added value to clinical neurological evaluation for the
differentiation between PD and AP, except when there is uncertainty about the clinical diagnosis.
A practical implication is that in clinical practice, brain MRI should be reserved for those patients
with an ambiguous clinical presentation. This could lead to substantial cost reductions, because
various clinical guidelines recommend a more or less standard use of cerebral MRI for all patients
presenting with parkinsonism23.
The proportions of patients with a diagnosis of either PD or AP in our study population is
different from what would be expected based on published work. The high proportion of MSA
patients is a reflection of the tertiary nature of our referral centre, which is a national centre of
excellence for movement disorders, so relatively more cases of atypical parkinsonism would be
expected compared to the general population. Since our centre is also part of the European MSA
consortium, we attract relatively many patients with MSA. So the proportions of PD and AP seen in
our centre do not represent an accurate epidemiological estimate, but this is not problematic for
the purpose of our present study, which was to separate AP from PD. For this purpose, we needed
a sufficiently large group of patients with AP.

5

There are some limitations to our study. First, patients were scanned on a 1 or 1.5 Tesla MRI, and
we cannot exclude that standard use of 1.5 Tesla or 3 Tesla MRI studies might have better diagnostic accuracy22,30. However, use of 1 or 1.5 Tesla MRI  scans represents daily clinical neurological
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practice in most hospitals. Moreover, there was no significant difference for the calculated sensitivity or specificity for the patients scanned on a 1 and 1.5 Tesla MRI scanner. Second, inter-observer agreement differed for the various MRI changes. Low inter-observer agreement was seen
for T2 hypo-intensity changes and atrophy of the putamen, probably because of low spatial resolution of the 1 Tesla MRI studies, and because of the relative subjectivity in scoring these abnormalities. Third, we did not have post-mortem brain examination to reach a final gold standard
diagnosis. However, we can reasonably argue that our final diagnosis approached the optimal
diagnosis one can reach during life. Specifically, the final diagnosis was made during a consensus
meeting between two experienced movement disorder specialists, and was based upon an extensive neurological examination (performed by a single neurologist in all patients) after a clinical
follow-up of three years. This also provided information about the rate of progression and the
effectiveness of dopaminergic medication. Although high rates of misdiagnosis have been reported
for the clinical diagnosis, recent pathological studies show high accuracy levels (>90%) for the
clinical diagnosis when the diagnosis was made by movement disorder specialist after a minimal
follow-up of 2 years3.
Diagnostic accuracy can be improved by modifying conventional sequences or applying
advanced MRI techniques. Sensitivity of MRI changes may increase by using T2*-weighted
gradient echo sequences, susceptibility weighted  imaging (SWI)24,25 or by using inversion recovery
sequences26. Furthermore  the use of a 3 Tesla or 7 Tesla MRI scanner probably is of more diagnostic value. Using 3 Tesla scans, a putaminal rim is a normal finding and not indicative of AP27.
The diagnostic value of the putaminal rim sign as presented above should therefore be interpreted
with caution, taking into account the field strength of the MRI scanner. Other work suggested that
particularly diffusion weighted imaging (DWI) improves the diagnostic accuracy to differentiate
between PD and AP28-32. The value of other advanced MRI techniques are diffusion tensor imaging
(DTI), magnetization transfer imaging (MTI), magnetic resonance spectroscopy (MRS) and functional MRI (BOLD) needs to be established.
Most of these advanced MRI techniques have thus far been studied in patients with advanced
disease where the diagnosis is already clear using clinical examination alone. The challenge now is
to apply these novel techniques to large cohorts of patients in early disease stages where clinicians
are uncertain about the diagnosis, and to correlate the baseline findings to the silver (or even gold)
standard diagnosis at follow-up, as we did in the present study.

5
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Table 3 Ability of brain MRI to diagnose atypical parkinsonism in a subgroup of patients
with low certainty about the initial clinical diagnosis (<80%, n = 42)

5

MRI abnormality

Sensitivity
%

Speciﬁcity
%

PPV
%

NPV
%

Putamen atrophy

36 (18-59)

100 (80-100)

100 (59-100)

58 (41-75)

Putamen hypointensity

18 (6-41)

85 (61-96)

57 (20-88)

49 (31-66)

Putaminal rim

23 (9-46)

100 (80-100)

100 (46-100)

54 (37-70)

Frontal lobe atrophy

36 (18-59)

80 (56-93)

67 (35-89)

53 (35-71)

Parietal lobe atrophy

36 (18-59)

80 (56-93)

67 (35-89)

53 (35-71)

Lateral ventricle dilatation

41 (21-63)

85 (62-96)

75 (42-93)

57 (38-74)

Third ventricle dilatation

36 (18-53)

80 (56-93)

67 (35-89)

53 (35-71)

Midbrain atrophy

23 (9-46)

95 (73-100)

83 (36-99)

53 (36-69)

Hummingbird sign (n=22)

13 (2-42)

100 (56-100)

100 (20-100)

35 (16-59)

Fourth ventricle dilatation

14 (4-36)

90 (7-98)

60 (17-93)

49 (32-65)

Pons atrophy

9 (2-31)

95 (73-100)

67 (13-98)

49 (33-65)

Pons hyperintensity

18 (6-41)

90 (67-98)

67 (24-94)

50 (33-67)

Hot cross bun sign

5 (0-25)

95 (73-100)

50 (3-97)

48 (32-64)

Medulla oblongata atrophy

5 (2-25)

100 (80-100)

100 (5-100)

49 (33-65)

Cerebellar atrophy

45 (25-67)

85 (61-96)

77 (46-94)

59 (39-76)

Cerebellar vermis atrophy

18 (6-41)

95 (73-100)

80 (30-99)

51 (35-68)

Lacunar infarction

27 (12-50)

100 (80-100)

100 (52-100)

56 (38-72)

Note:
PPV
NPV
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Figure 1

ROC analyses

A

ROC of the initial clinical evaluation alone for patients with uncertain initial clinical
diagnosis, resulted in an AUC of 0.67 (sensitivity 59%, specificity 75%).
ROC of the patients with uncertain initial clinical diagnosis and brain MRI
showing putaminal and cerebellar atrophy resulted in an AUC of 0.81.
Point 1 represents cerebellar atrophy (sensitivity 68%, specificity 86%),
point 2 represents putaminal atrophy (sensitivity 59%, specificity 100%).
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Abstract
— Background and Purpose
Our goal was to evaluate whether SWI has added value to conventional 3 Tesla brain MRI for the
diagnostic work-up of early stage parkinsonism.
— Material and methods
We performed a prospective observational cohort study of 65 patients presenting with parkinsonism but uncertain initial clinical diagnosis. At baseline, 3 Tesla brain MRI with conventional
and SWI sequences was performed. After clinical follow-up, probable diagnoses could be made
in 56 patients, 38 patients diagnosed Parkinson’s disease (PD) and 18 patients diagnosed atypical
parkinsonian syndromes (AP), including 12 patients diagnosed with Multiple System Atrophy –
parkinsonian form (MSA-P). Also, 13 healthy controls were evaluated with SWI. Conventional brain
MRI abnormalities were grouped in disease specific scores. SWI was analyzed by a region-of-interest method of different brain structures. One-way ANOVA was performed to analyze group
differences. ROC analyses were performed to evaluate the diagnostic accuracy of conventional
brain MRI separate and combined with SWI.
— Results
Disease specific scores of conventional brain MRI had high specificity for AP (80-90%), but sensitivity was limited (50-80%). Mean SWI signal intensity of the putamen was significantly lower for
MSA-P than for PD and controls (p<0.001). The presence of severe dorsal putaminal hypo-intensity
improved the accuracy of brain MRI: AUC was increased from 0.75 to 0.83 for identifying MSA-P
and AUC was increased from 0.76 to 0.82 for identifying AP as a group.

6

— Conclusion
SWI improves the diagnostic accuracy of 3 Tesla brain MRI in the work-up of parkinsonism by identifying severe putaminal hypo-intensity as a sign indicative of MSA-P.
— Keywords
MRI – SWI – Parkinson’s disease – Atypical parkinsonism
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Introduction
In clinical practice, the differentiation between Parkinson’s disease (PD) and atypical parkinsonian
syndromes (AP), like multiple system atrophy (MSA), progressive supranuclear palsy (PSP), corticobasal syndrome (CBS) and dementia with Lewy bodies (DLB) can be challenging. For adequate
patient counselling and treatment planning it is important to make the correct diagnosis at early
disease stages. Ancillary investigations such as brain MRI can be performed to increase certainty
about the diagnosis. In the diagnostic work-up of parkinsonism, it is advised to perform brain MRI
as it can support the diagnosis of AP or vascular parkinsonism (VaP)1. Also, brain MRI can demonstrate other more rare causes of parkinsonism such as normal pressure hydrocephalus or multiple
sclerosis.
Conventional brain MRI, including T1, T2, T2 FLAIR and proton density sequences, is usually normal
in PD or will show age-related changes2. Atrophy or signal intensity changes of specific regions of
the brain identified on brain MRI can have high specificity for the different forms of AP. Examples
include putaminal or pontine atrophy in MSA and midbrain atrophy (‘hummingbird’ sign) in PSP.
Sensitivity of brain MRI for AP is generally limited, especially in early disease stages3-5.
New MRI techniques have come available for clinical practice in recent years, including susceptibility weighted imaging (SWI). SWI is sensitive to magnetic susceptibility differences in tissues
such as blood, calcification and iron deposition. As SWI makes use of both magnitude and phase
information during image acquisition, SWI is superior in detecting brain susceptibility changes
in comparison to T2* gradient echo sequences6,7. SWI is emerging as a useful technique in a
wide variety of intracranial pathology, including neurodegenerative diseases8. In parkinsonian
syndromes, it is known that there are different patterns of abnormal brain iron metabolism in PD
and AP. Examples include increased iron accumulation in the substantia nigra in PD and increased
striatal iron content in MSA9. These patterns of abnormal brain iron content should be differentiated from physiologic age-related iron accumulation10,11. Also, there still is debate whether disturbances in iron levels in PD constitute the representation of the primary pathologic process or a
secondary consequence12. This debate is highly relevant for SWI, as it influences whether abnormal
iron content in brain structures can be identified in early stage PD or AP. Initial reports on SWI in
parkinsonism are promising that SWI would provide new diagnostic markers for clinical use13,14.

6

The goal of our study is to evaluate whether SWI is of added value in relation to conventional
3 Tesla brain MRI in the diagnostic work-up of early stage parkinsonism.
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Material and methods
— Study group
We performed a prospective observational study in 65 patients presenting with parkinsonism and
disease duration less than three years, with major uncertainty of the underlying diagnosis upon
inclusion. Patients were consecutively recruited at our outpatient movement disorder clinic in
the period 2010-2012. Study inclusion criteria were clinical signs and symptoms of parkinsonism
(hypokinetic-rigid syndrome) with an uncertain clinical diagnosis and disease duration less than 3
years. Exclusion criteria were age under 18 years, prior brain surgery, presence of another neurodegenerative disorder and unstable co-morbidity. The medical ethics committee of our hospital
approved the study and all participants gave written informed consent. For the sake of the SWI
analyses, we also enrolled 13 age- and sex matched healthy controls to our study, which were
scanned with the SWI sequence.
— Study design
Patients had a clinical assessment at baseline by standardized history taking and neurological examination by an experienced physician (MA, AR). Cardiovascular risk factors, activities in
daily living, medication use, disease onset, clinical signs, most affected body site, balance and
fear of falling were assessed. Clinical neurological scores were applied, including the Non Motor
Symptom Scale (NMSS)15, Mini-Mental State Examination (MMSE)16 to evaluate global cognitive
status and the Unified Parkinson’s Disease Rating Scale (UPDRS)17 and Hoehn and Yahr staging
scale18 to evaluate motor function.
At baseline all patients had a brain MRI. After clinical follow-up final diagnoses could be
made by two experienced clinicians (AR, RE). These diagnoses were made according to international diagnostic criteria19-24 based on neurological signs that developed during the course of
the disease (as identified during repeat neurological exams), rate of disease progression and
treatment response. Our primary interest was to evaluate the added value of SWI in relation to
conventional 3T brain MRI performed in early disease stage, in differentiating between PD and
the various forms of AP.

6

— Brain MRI scanning protocol
At baseline, all patients had a 3 Tesla MRI scan of the brain (Magnetom Trio, Siemens, Erlangen,
Germany). The scanning protocol included 3D T1 MPRAGE, T2 TSE, T2 FLAIR, proton density and
DWI sequences. The SWI sequence was a 3D gradient echo acquisition; magnitude and phase
images were obtained in the axial plane. Details of the scanning protocol are provided in Table 1.
In addition to our patient cohort, 13 age-matched healthy controls (HC) were scanned with the
SWI sequence.
— Imaging analysis
Two neuroradiologists (FM and BG) evaluated conventional brain MRI studies in a standardized manner, blinded to clinical information. First, abnormalities were scored as they have been
validated for the evaluation of parkinsonian syndromes3-5,25. Second, selected abnormalities
were grouped in a score typical for a given disease. Atrophy and T2 hypo-intensity changes of
the putamen, pontine atrophy, hot cross bun sign, cerebellar atrophy, T2 hyper intense signal
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changes of the middle cerebellar peduncle were combined in the ‘MSA score’. Midbrain atrophy,
hummingbird sign, reduced AP midbrain diameter <14 mm were scored and combined in the ‘PSP
score’. Cortical atrophy, third and lateral ventricle dilatation were scored and combined in the
‘Atrophy score’ as a manifestation of CBD or DLB. The ‘MSA’, ‘PSP’ and ‘Atrophy’ scores combined,
resulted in the ‘Sum’ score which was used to evaluate AP as a group. Several thresholds, e.g. the
presence of either 1, 2, 3 or 4 abnormalities, were applied to these scores to evaluate the diagnostic accuracy of conventional brain MRI for the different forms of AP. Furthermore, white matter
changes and the presence of infarction were scored.
The region-of-interest (ROI) method was used to evaluate the SWI sequences on an Impax
workstation, version 6.5.3 (Agfa-Gevaert, Mortsel, Belgium). A 4.9 mm2 circular ROI was placed
bilaterally in the following structures: caudate nucleus, putamen (anterior and posterior), red
nucleus, substantia nigra (anterior and posterior), globus pallidus, thalamus, pulvinar thalamus
and dentate nucleus. The ROI was placed in the most hypo-intense part of the brain structure,
avoiding vessels and not including the edges of the structure. Additionally, signal intensity of CSF
was measured by ROI placement in the fourth ventricle. SWI signal intensity of the different brain
structures was normalized to CSF with a signal intensity of 200, in order to correct for inconsistencies in the reference standard. Two readers (FM and BF) blinded to the clinical symptoms and
diagnoses performed the ROI analysis of the SWI sequences. One reader (BF) performed the ROI
analysis twice to evaluate intra-rater variability.
Increased susceptibility is defined here as decreased SWI signal intensity. Based on the mean
signal intensity values obtained, the hypo-intensity was graded according the criteria proposed by
Gupta et al.13 (Figure 1):
Grade 0:
Grade 1:
Grade 2:
Grade 3:

6

SI similar to cerebrospinal fluid intensity (SI>200)
Mild hypo-intensity (SI>150 but less than 200)
Moderate hypo-intensity (SI>75 but less than 150)
Severe hypo-intensity (SI<75)

Table 1 MRI scanning protocol
Sequence

TR
(ms)

TE
(ms)

Flip angle
(°)

Voxel size
(mm)

Number and
direction of
slices

iPAT factor

Acquisition
time
(min:sec)

T2 TSE

5830

120

120

0.6x0.6x3

48 axial

-

3:43

T1 MPRAGE

2300

4.71

12

1x1x1

192 sagittal

2

5:47

T2 FLAIR

9000

86

150

0.7x0.6x5

28 axial

2

2:44

Proton density

2000

20

90

0.9x0.9x3

48 axial

-

7:16

DWI-EPI (b0 and b1000)

3900

89

90

1.3x1.3x5

48 axial

2

2:10

29

20

15

0.6x0.6x3

48 axial

2

4:42

SWI gradient echo
iPAT

= integrated Parallel Acquisition Technique
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— Statistical analyses
The diagnostic accuracy of the conventional brain MRI ‘MSA’, ‘PSP’, ‘Atrophy’ and ‘Sum’ scores to
identify the different forms of AP was calculated. Cohen’s kappa co-efficient was used to evaluate
inter-rater variability of abnormalities scored on conventional brain MRI. For SWI, both intra- and
inter-rater agreement was evaluated. Agreement was graded as: kappa < 0.20 poor agreement;
0.21 - 0.4 fair agreement; 0.41 - 0.60 moderate agreement; 0.61 - 0.80 good agreement; > 0.80
perfect agreement.
Mean SWI signal intensity of the brain structures was calculated for each diagnosis and
one-way ANOVA, corrected for multiple comparisons with a Bonferroni correction, was performed
to analyze group differences. A p-value below 0.05 was considered statistically significant for
disease specific SWI changes.
Finally, the area under the curve (AUC) of the receiver operating characteristic (ROC) was used
to evaluate the discriminative power of conventional brain MRI alone as well as in combination
with selected SWI measures.
All statistical analyses were performed with SPSS (IBM SPSS statistics version 20).
Table 2 Patient characteristics, mean or number (standard deviation)

Age (years)

6

Sex (M:F)

AP
(n=18)

MSA-P
(n=12)

PSP
(n=3)

DLB
(n=3)

HC
(n=13)

61 (9)

65 (8)

63 (9)

67 (5)

69 (3)

67 (7)

23:15

9:9

6:6

1:2

2:1

9:4

Disease duration (months)

19.1 (14)

15.2 (12)

15.5 (11)

23.0 (20)

6.7 (7)

-

UPDRS-III

32.1 (12)

45.2 (11)

45.5 (12)

47.5 (13)

42.7 (11)

-

H&Y

1.7 (0.7)

2.6 (0.9)

2.6 (1.0)

3.0 (0)

2.3 (0.6)

-

MMSE

28.5 (1.6)

28.1 (1.6)

28.4 (1.4)

28.7 (0.6)

26.0 (1.0)

-

PD
MSA-P
PSP
DLB
AP
HC
UPDRS-III
H&Y
MMSE
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PD
(n=38)

=
=
=
=
=
=
=
=
=

Parkinson’s disease
Multiple System Atrophy - parkinsonian form
Progressive Supranuclear Palsy
Dementia with Lewy bodies
Atypical parkinsonian syndromes
Healthy controls
Unified Parkinson’s Disease Rating Scale – III
Hoehn and Yahr
Mini-Mental State Examination
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Grade 0 hypo-intensity (SI >200) in a patient diagnosed
with PD.

A
Grade 1 hypo-intensity (SI >150 but less than 200) in a
patient diagnosed with PD.

B
Grade 2 hypo-intensity (SI>75 but less than 150) in a
patient diagnosed with DLB.

6

C
Grade 3 hypo-intensity (SI<75) in a patient diagnosed with
MSA-P.

D
E

Figure 1

T2 TSE image of the patient diagnosed with MSA-P of
which SWI is shown in figure 1D. Hypo-intensity of the
putamen is less pronounced, although atrophy of the
putamen is seen.

Grades of SWI signal hypo-intensity of the dorsal putamen. Circular ROI placed in
the left dorsal putamen.
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Results
— Study group
Patients had a mean follow-up of 24.8 months (standard deviation 12). Of the 65 patients, nine
subjects had to be excluded for the following reasons: brain MRI with severe artifacts(n=2), uncertain diagnosis (n=4), diagnosis other than PD or AP (n=1), diagnosis of vascular parkinsonism (n=2).
Of the remaining 56 patients, 38 patients were diagnosed with PD and 18 patients with AP
(12 MSA-P, 3 PSP, 3 DLB). Demographic data of the study population and control group are shown
in Table 2.
— Conventional brain MRI results
Abnormalities scored on conventional brain MRI, separate and combined in disease specific group
scores, are summarized in Tables 3 and 4. Overall there was good inter rater agreement for the
abnormalities scored on brain MRI with perfect inter rater agreement (k > 0.8) for atrophy and
signal intensity changes of the putamen and midbrain. Pontine and cerebellar atrophy as well as
T2 hyper-intensity changes of the middle cerebellar peduncle showed moderate interrater agreement (k 0.47-0.54). There was poor agreement for the putaminal rim sign. The putaminal rim sign
proved not to be indicative of MSA on 3 Tesla MRI (sensitivity 42% and specificity 48% for MSA),
which is in line with a previous report26. For this reason, we did not include the putaminal rim sign
in further analyses.
The diagnostic accuracy of conventional brain MRI abnormalities combined in group scores
to identify the different forms of AP are shown in Table 4. Sensitivity and specificity can be influenced by choosing a threshold, e.g. the presence of at least one abnormality for the ‘MSA score’
to identify MSA-P results in 83% sensitivity with 66% specificity, while the presence of at least
two abnormalities results in 25% sensitivity with 93% specificity. The presence of at least two
abnormalities on conventional brain MRI has reasonable sensitivity (78%) and specificity (76%) to
identify AP as a group. Specificity for AP can be increased (89%) by considering the presence of at
least four abnormalities for the diagnosis of AP, though at the cost of sensitivity (50%).

6

— MRI SWI analysis
Significantly lower mean SWI signal intensity of the putamen was found in MSA-P, in comparison
to PD and HC (Table 5). This finding was consistent for both sides as well the anterior and posterior
part of the putamen (all regions p<0.001 for MSA-P versus PD for both readers). Signal intensity
of the posterior putamen was lower in comparison to the anterior part. The distribution of putaminal signal intensities for the different disease groups demonstrates that grade 3 hypo-intensity
changes of the posterior putamen discriminate MSA-P from the other groups (Figure 2). For the
anterior putamen, the presence of grade 2 or grade 3 hypo-intensity changes discriminate MSA-P
from the other groups. There was good intra-rater (kappa 0.76) and inter-rater (kappa 0.80) agreement for the putaminal SWI hypo-intensity gradings.  
Lower mean SWI signal intensity of the caudate nucleus was seen in MSA-P, on the left side
statistically significant in comparison to PD. Caudate nucleus signal intensity (mean grade 1
hypo-intensity) was not as low as for the putamen. In PSP, significantly decreased mean SWI signal
intensities (grade 2 hypo-intensity) of the red and dentate nuclei on the left side were found in
comparison to PD and HC.
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In comparison to the different forms of AP and HC, no statistically significant SWI signal intensity changes of the different brain structures were found for PD.
Based on the findings above, SWI hypo-intensity gradings of the putamen were used for further
analyses in evaluating the diagnostic accuracy of brain MRI and SWI.
— Evaluation of diagnostic accuracy
SWI grade 3 hypo-intensity of the posterior putamen proved to be superior to grade 2 or 3 hypo-intensity of the anterior putamen for identifying MSA-P (AUC 0.82 versus 0.69). The results of the
ROC analyses to evaluate the diagnostic accuracy of conventional brain MRI alone as well as in
combination with SWI grade 3 hypo-intensities of the putamen are shown in Figure 3 and Table 6.
— Diagnosis of MSA-P
Conventional brain MRI ‘MSA’ score, with threshold of at least 2 abnormalities present, results in
an AUC of 0.59 (0.40-0.79) to identify MSA-P. Threshold 1 results in an AUC of 0.75 (0.60-0.90).
The AUC is increased to 0.83 (0.68-0.98) when combining conventional brain MRI threshold 2
with the presence of SWI grade 3 hypo-intensity of the posterior putamen. This increase in AUC
is explained by a significant improvement in sensitivity (25% to 75%) with preservation of high
specificity (91%).
— Diagnosis of AP
Conventional brain MRI ‘Sum’ score, when at least 2 abnormalities are present, results in the
highest AUC of 0.76 (0.62-0.90) to identify AP as a group. The AUC can be increased to 0.82 (0.690.95) when combining conventional brain MRI ‘Sum’ score at least 4 abnormalities present with
SWI grade 3 hypo-intensity of the posterior putamen. The improved diagnostic accuracy results
from improved sensitivity (50% to 78%) with preservation of high specificity (87%).

6

89

6

90

PD
MSA-P
PSP
DLB
AP

=
=
=
=
=

13 (34)
7 (18)
8 (21)
4 (11)

Cortical atrophy

Lateral ventricle dilatation

Third ventricle dilatation

Infarction

Parkinson’s disease
Multiple System Atrophy - parkinsonian form
Progressive Supranuclear Palsy
Dementia with Lewy bodies
Atypical parkinsonian syndromes

Atrophy Score

0 (0)

Putaminal rim

Hummingbird sign

7 (18)
17 (45)

Cerebellar atrophy

0 (0)

0 (0)

MCP T2 hyper-intensity

0 (0)

0 (0)

Hot cross bun sign

Midbrain atrophy

1 (3)

Pontine atrophy

Diameter midbrain <14mm

2 (5)

Putamen T2 hypo-intensity

PSP score

4 (11)

Putamen atrophy

MSA score

PD
(n=38)

Conventional brain MRI abnormalities

Score

1 (6)

11 (61)

7 (39)

8 (44)

4 (22)

3 (17)

3 (17)

7 (39)

6 (33)

3 (17)

0 (0)

2 (11)

8 (44)

3 (17)

AP
(n=18)

Table 3 Frequency (%) and inter-rater agreement of conventional brain MRI abnormalities

0 (0)

6 (50)

3 (25)

4 (33)

1 (8)

1 (8)

1 (8)

5 (42)

3 (25)

3 (25)

0 (0)

2 (17)

7 (58)

3 (25)

MSA-P
(n=12)

0 (0)

3 (100)

2 (67)

1 (33)

3 (100)

2 (67)

2 (67)

1 (33)

0 (0)

0 (0)

0 (0)

0 (0)

1 (33)

0 (0)

PSP
(n=3)

1 (33)

2 (67)

2 (67)

3 (100)

0 (0)

0 (0)

0 (0)

1 (33)

3 (100)

0 (0)

0 (0)

0 (0)

1 (33)

0 (0)

DLB
(n=3)

0.68

0.69

0.95

0.67

1.00

0.79

0.85

0.00

0.47

0.54

1.00

0.49

0.94

0.92

Kappa
(interrater)
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Table 4 Frequency (%) of positive results for the MRI ‘MSA’, ‘PSP’, ‘Atrophy’ and ‘Sum’ scores
PD
(n=38)

MSA-P
(n=12)

PSP
(n=3)

DLB
(n=3)

Sensitivity /
speciﬁcity

Kappa
(interrater)

MSA score, threshold 1

11 (29)

10 (83)

1 (33)

3 (100)

83% / 66% for MSA

0.64

MSA score, threshold 2

2 (5)

3 (25)

0 (0)

1 (33)

25% / 93% for MSA

0.59

PSP score, threshold 1

0 (0)

1 (8)

3 (100)

0 (0)

100% / 98% for PSP

0.88

Atrophy score, threshold 2

7 (18)

4 (33)

3 (100)

2 (67)

67% / 74% for DLB

0.86

Sum score, threshold 2

9 (24)

8 (67)

3 (100)

3 (100)

78% / 76% for AP

0.75

Sum score, threshold 3

8 (21)

5 (42)

3 (100)

2 (67)

56% / 79% for AP

0.80

Sum score, threshold 4

4 (11)

4 (33)

3 (100)

2 (67)

50% / 89% for AP

0.64

Note:
PD
MSA-P
PSP
DLB
AP
MCP

Threshold criteria defined as the presence of either 1, 2, 3 or 4 abnormalities on
conventional brain MRI for the different scores.
= Parkinson’s disease
= Multiple System Atrophy - parkinsonian form
= Progressive Supranuclear Palsy
= Dementia with Lewy bodies
= Atypical parkinsonian syndromes
= Middle cerebellar peduncle
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6

92

169 (47)

165 (45)

210 (33)

196 (33)

154 (44)

146 (49)

270 (23)

271 (25)

246 (23)

235 (20)

187 (29)

186 (33)

203 (26)

201 (29)

151 (84)

146 (47)

202 (35)

235 (168)

Putamen posterior left

Putamen posterior right

Putamen anterior left

Putamen anterior right

Globus Pallidus left

Globus Pallidus right

Thalamus left

Thalamus right

Pulvinar Thalamus left

Pulvinar Thalamus right

Red nucleus left

Red nucleus right

Substantia Nigra posterior left

Substantia Nigra posterior right

Substantia Nigra anterior left

Substantia Nigra anterior right

Dentate nucleus left

Dentate nucleus right

ROI
PD
MSA-P
PSP

162 (44)

176 (39)

149 (29)

140 (43)

186 (38)

177 (45)

171 (28)

179 (31)

217 (37)

225 (39)

246 (36)

254 (37)

127 (63)

125 (54)

131 (55)

136 (72)

71 (52)

76 (58)

174 (55)

167 (67)

MSA-P
(n=12)

148 (73)

116 (113)

145 (71)

114 (46)

213 (74)

210 (47)

138 (85)

125 (104)

232 (51)

245 (65)

272 (28)

283 (49)

168 (47)

171 (59)

192 (59)

200 (47)

152 (57)

162 (63)

218 (69)

224 (48)

PSP
(n=3)

167 (20)

161 (25)

131 (22)

146 (42)

196 (26)

199 (24)

181 (43)

145 (18)

210 (41)

224 (29)

257 (42)

264 (31)

108 (20)

139 (58)

151 (29)

174 (7)

120 (34)

122 (11)

164 (19)

184 (16)

DLB
(n=3)

204 (34)

198 (45)

158 (33)

163 (45)

200 (25)

212 (34)

183 (33)

186 (37)

221 (18)

239 (20)

268 (24)

270 (28)

150 (53)

150 (51)

187 (34)

197 (36)

148 (45)

158 (54)

207 (34)

204 (28)

HC
(n=13)

SWI signal intensity of the different brain structures was normalized to CSF with a signal intensity of 200, in order to correct
for inconsistencies in the reference standard. One-way ANOVA to analyze significant differences between the groups.
A p-value below 0.05 considered statistically significant for disease specific SWI changes.
= Region of interest
= Parkinson’s disease
= Multiple System Atrophy - parkinsonian form
= Progressive Supranuclear Palsy

207 (39)

Caudate nucleus right

Note:

212 (34)

Caudate nucleus left

PD
(n=38)

Table 5 Mean ROI (standard deviation) SWI signal intensity of brain structures calculated for each diagnosis

ns

PSP vs PD = 0.011
PSP vs HC = 0.034

ns

ns

ns

ns

ns

PSP vs PD = 0.048

ns

ns

ns

ns

ns

ns

MSA-P vs PD <0.001
MSA-P vs HC= 0.005

MSA-P vs PD <0.001
MSA-P vs HC 0.008

MSA-P vs PD <0.001
MSA-P vs HC = 0.001

MSA-P vs PD <0.001
MSA-P vs HC = 0.001

ns

MSA-P vs PD = 0.02

p-value
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235 (168)

Dentate nucleus right

ROI
PD
MSA-P
PSP
DLB
HC
ns

162 (44)

176 (39)

149 (29)

145 (71)

148 (73)

116 (113)

158 (33)
198 (45)
204 (34)

131 (22)
161 (25)
167 (20)

SWI signal intensity of the different brain structures was normalized to CSF with a signal intensity of 200, in order to correct
for inconsistencies in the reference standard. One-way ANOVA to analyze significant differences between the groups.
A p-value below 0.05 considered statistically significant for disease specific SWI changes.
= Region of interest
= Parkinson’s disease
= Multiple System Atrophy - parkinsonian form
= Progressive Supranuclear Palsy
= Dementia with Lewy bodies
= Healthy controls
= No statistically significant differences

202 (35)

Dentate nucleus left

Note:

146 (47)

Substantia Nigra anterior right

ns

ns

PSP vs PD = 0.011
PSP vs HC = 0.034
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Left posterior putamen

Right posterior putamen

300

300

250

250

200

200

150

150

100

100

50

50

0

0
PD

MSA

PSP

DLB

control

PD

MSA

Diagnosis

Left anterior putamen

6

300

250

250

200

200

150

150

100

100

50

50

0

0
MSA

PSP

DLB

control

PD

Diagnosis
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DLB

control

Right anterior putamen

300

PD

PSP
Diagnosis

MSA

PSP
Diagnosis

Figure 2

Box plots of SWI signal intensities of the anterior and posterior putamen

Note

Horizontal interrupted lines illustrating grade 3 hypo-intensity of the dorsal putamen
(signal intensity <75) and grade 2 or 3 hypo-intensity of the anterior putamen
(signal intensity <150).

DLB

control
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Discussion
Unlike previous studies, we prospectively evaluated both conventional brain MRI and SWI in
patients presenting with parkinsonism with initial uncertain diagnosis, where increase of certainty
about the diagnosis is of the most clinical relevance. In our study population the ability of conventional 3 Tesla brain MRI to differentiate between PD and the different atypical parkinsonian
syndromes was limited and depends on defined diagnostic criteria. When combined with SWI,
the diagnostic accuracy was improved, mainly by identifying severe hypo-intensity of the putamen
which is indicative of MSA-P.
Patterns of normal age-related iron content of the different brain structures have been
described in literature, including age-related increase in iron content of the putamen27,28. Because
we included a group of age-matched healthy controls, it is more likely that the increased putaminal susceptibility in MSA-P found in our study reflects pathologic mineralization rather than a
result of aging.
Increased iron concentrations and decreased signal intensity on T2 spin echo and T2* gradient
echo weighted sequences of the putamen, but also of the caudate nucleus,  have been reported
previously in MSA9,29-33. Susceptibility changes of the putamen is depicted more accurately by SWI
than by a T2 spin echo sequence (Figure 1D-E). With regard to SWI, decreased signal intensity of
the putamen in MSA has been described14 though not confirmed by others34. Gupta et al. did find
higher putaminal  SWI hypo-intensity scores in MSA-P, though this difference was not statistically
significant13. Wang et al. found increased iron deposition in the putamen in MSA-P14 as we did, and
reported that the lower inner region of the putamen was the most valuable subregion in differentiating MSA-P from PD while in our study this is valid for the posterior part of the putamen.
Gupta et al. reported higher hypo-intensity scores of the putamen and red nucleus in PSP,
in comparison to PD and MSA13. In our study population, the SWI signal intensities of the red
nucleus and dentate nucleus were lower in PSP compared to PD, with statistical significance on the
left side. This is in line with observed neuropathologic changes of these structures in PSP35. SWI
hypo-intensity changes of these nuclei could therefore possibly provide a new diagnostic marker
for PSP. Increased iron content in the substantia nigra and putamen have been reported in PSP
mainly in advanced disease stages, but not in the amount as seen in MSA9. According to literature
there is little evidence of increased brain iron levels in DLB, but possibly the substantia nigra is
affected9.
SWI signal intensity is influenced by many factors besides iron content of brain structures,
including acquisition parameters and magnetic field strength but also by spatial position and
reconstruction algorithms (which differ across MRI vendors). For reproducibility of quantitative
analyses, it is important to apply a normalization technique. Our study population was scanned
using a 3 Tesla MR scanner, while others used a 1.5 Tesla scanner13,14. It is likely that difference in
magnetic field strength could partly explain discrepancies in study results, as a 3 Tesla MR scanner
is more sensitive to susceptibility changes than a 1.5 Tesla MR scanner36,37.
Based on their 3 Tesla MRI SWI study, Haller et al. found increased susceptibility in the
thalamus and left substantia nigra in PD, and they reported good discrimination between PD and
AP using a support-vector-analysis34. Unfortunately, they did not include a healthy control group
to evaluate whether the observed increased susceptibility in the substantia nigra and thalamus is

6

95

Clinical Application of Brain MRI in Parkinsonism

PD specific. In our study population, we did not observe changes in susceptibility of the substantia
nigra or other brain structures in PD in comparison to AP patients or matched healthy control
subjects. A possible explanation could be that our PD patients were scanned in earlier disease
stages. In previous studies however, no clear evidence was found of substantia nigra iron content
being related to disease duration38,39. In recent in vivo and postmortem SWI studies, a subregion
of the substantia nigra pars compacta, called nigrosome 1, was reported to be absent in PD40,41.
A ‘swallow tail’ appearance of the healthy nigrosome 1 and its absence in PD has recently been
evaluated in a case-control study with observed good discrimination between PD and HC42. It is not
known whether the absence of nigrosome1 on SWI could discriminate PD from AP.
There are some limitations to our study. First, our study population is relatively small, especially for
the group of AP and conclusions are mainly based on a comparison between PD, MSA-P and HC.
Therefore, definite conclusions regarding other forms of AP cannot be made. On the other hand,
prevalence of less frequent parkinsonian syndromes in our cohort does reflect clinical practice and
draws the attention to the need of ancillary investigations aiming to improve certainty about the
diagnosis in a patient presenting with parkinsonism. The subjects of our study were patients with
parkinsonism and uncertain clinical diagnosis, which could explain the relative low frequency of
the different forms of atypical parkinsonism in our study population. The small number of patients
diagnosed with PSP could be a reason why the lower signal intensity values of the red nucleus
and dentate nucleus were only statistically significant unilateral. Whether the SWI sequence is of
added value for the diagnosis of PSP, CBD, DLB, or other forms of AP not included in our study, such
as MSA-C and CBS, remains to be determined. In vascular parkinsonism, SWI could be of additional
value to identify microbleeds as a sign of microangiopathy, but this was beyond the scope of our
study.
Second, we did not have post-mortem confirmation of the diagnoses and therefore we
cannot fully rule out misdiagnosis in our study population. The diagnoses were made by a
movement disorder specialist based on accepted diagnostic criteria, after a mean follow-up of
24.5 months. This approach proved to yield high accuracy (>90%) as shown in a previous clinical-pathologic study43.
Third, because there are only few studies available in which SWI has been evaluated in parkinsonism, validation of diagnostic criteria is crucial for optimal use in daily clinical practice. This also
applies to the conventional brain sequences, since diagnostic criteria have not been standardized.
As abnormalities on brain MRI differ for the various forms of AP, disease specific diagnostic criteria
give a more accurate estimation of the diagnostic accuracy of brain MRI rather than grouping
all the forms of AP together. Standardization of the scanning protocol, taking the magnetic field
strength of the MRI study into account, and post-processing methods is necessary for validation of
diagnostic criteria. Other advanced MRI techniques, including diffusion (tensor) imaging, magnetization transfer imaging and functional MRI could possibly provide new diagnostic markers for PD
or AP. In future clinical cohort studies, it would be interesting to study the diagnostic value of SWI
in relation to these advanced imaging techniques.
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Conclusion
SWI proved to be a useful sequence in addition to conventional 3 Tesla brain MRI in the diagnostic
work-up of early stage parkinsonism. SWI improves the diagnostic accuracy of 3 Tesla brain MRI by
detecting severe hypo-intensity of the putamen as a sign indicative of MSA-P.
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Figure 3

ROC curves to evaluate diagnostic accuracy.

Note:

Point 1: brain MRI ‘MSA’ score to identify MSA-P, threshold 2 (left figure) and MRI ‘Sum’
score to identify AP as a group, threshold 4 (right figure).
Point 2: Grade 3 SWI hypo- intensity of the dorsal putamen.
Point 3: 1. and 2. combined. SWI increases sensitivity with preservation of high specificity.

Table 6

ROC analyses to evaluate the diagnostic accuracy of conventional brain MRI and SWI
to identify MSA-P and AP as a group

Conventional brain MRI and SWI

AUC (95% CI) to identify MSA-P

Putamen anterior grade 2 or 3 hypo-intensity

0.69 (0.51-0.88)

Putamen posterior grade 3 hypo-intensity

0.82 (0.66-0.99)

MRI ‘MSA’ score threshold 1

0.75 (0.60-0.90)

MRI ‘MSA’ score threshold 2

0.59 (0.40-0.79)

MRI ‘MSA’ score threshold 1 + SWI posterior putamen grade 3

0.78 (0.64-0.91)

MRI ‘MSA’ score threshold 2 + SWI posterior putamen grade 3

0.83 (0.68-0.98)
AUC (95% CI) to identify AP

MRI ‘Sum’ score threshold 2

0.76 (0.62-0.90)

MRI ‘Sum’ score threshold 4

0.70 (0.54-0.86)

MRI ‘Sum’ score threshold 2 + posterior putamen SWI grade 3

0.80 (0.68-0.92)

MRI ‘Sum’ score threshold 4 + posterior putamen SWI grade 3

0.82 (0.69-0.95)

Note:
ROC
AUC
CI
MSA-P
AP

98

Conventional brain MRI ‘MSA’ and ‘Sum’ scores separate and combined with the
presence of SWI grade 3 hypo-intensity of the putamen. Thresholds defined as the
number of abnormalities at least present on conventional brain MRI.
= Receiver operating characteristic
= Area under the curve
= Confidence interval
= Multiple System Atrophy - parkinsonian form
= Atypical parkinsonian syndromes

0.80
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Case report
Juvenile-onset dystonia parkinsonism is rare and has a long differential diagnosis of mainly genetic
disorders1. Investigation for dopa-responsive dystonia and Wilson’s disease should primarily be
done because these are treatable conditions. The further workup is challenging, but MRI abnormalities can provide strong guidance, particularly when iron accumulation within the basal
ganglia is found in this specific clinical setting. The list of diseases grouped under the umbrella of
neurodegeneration with brain iron accumulation (NBIA) that can present with a dystonia parkinsonism phenotype includes pantothenate kinaseassociated neurodegeneration (PKAN), PLA2G6associated neurodegeneration, and Kufor-Rakeb (PARK9). Here we describe a sporadic case of
young-onset onset dystonia parkinsonism with brain-iron accumulation on MRI, who turned out
to have Huntington’s disease.
At the age of 12 years, the parents first noticed slight changes in their daughter’s behavior and
psychomotor development. It was not until the age of 15 years that she developed slurred speech,
slowness of movement, pain in the arms and legs, and difficulty walking. Family history was unremarkable; particularly, the parents were healthy and well. Neurological examination showed
bradyphrenia, masked face, slow saccades, bilateral symmetric bradykinesia and rigidity without
tremor, and dystonia of the trunk and the hands. There were no cerebellar or pyramidal signs
(video available in published case report). An extensive workup focused on juvenile dystonia
parkinsonism was done. Cupper and ceruloplasmin levels were normal, and split lamp examination showed no Kayser- Fleischer rings. Cerebrospinal fluid (CSF) showed normal neurotransmitter
levels. A screen for acanthocytes was negative. MRI of the brain showed hypo-intensity bilaterally in the globus pallidus on T2-weighted images, compatible with NBIA (Figure 1). Dopamine
transporter single-photon emission computed tomography (DaT-SPECT) investigation suggested
nigrostriatal degeneration. Mutation analysis was requested for PARKIN, DJ-1, PINK, and PLA2G6,
but all came back negative.
Given the dystonia parkinsonism phenotype, we also requested mutation analysis of the
huntingtin (HTT) gene. Although we considered Huntington’s disease unlikely given the negative
family history and the MRI features, a CAG repeat expansion of 67 was found, thereby establishing
a diagnosis of juvenile Huntington’s disease. On the other chromosome an intermediate allele of
30 repeats was found. Genetic testing of the parents revealed that the intermediate repeat allele
was stably transmitted by the mother (she carried 17 repeats on the other allele). The father was
found to have 1 repeat in the normal range (17 repeats), and a repeat in the reduced penetrance
range (38 repeats). Paternity testing confirmed that they are the biological parents. The most likely
explanation for the large repeat found in the daughter is an extreme expansion of the reduced
penetrance allele carried by the father.

7

Huntington’s disease is an autosomal dominant disorder due to a trinucleotide (CAG) repeat
expansion in the HTT gene. Juvenile Huntington’s disease is defined as a disease onset before
the age of 20 years and accounts for 5% to 10% of all Huntington’s disease cases. The clinical
picture is dominated by an akinetic rigid syndrome, but other features include epilepsy, dystonia,
chorea, eye movement disorders, behavioral problems, cognitive problems and sporadically also
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cerebellar signs (ataxia)2. Juvenile Huntington’s disease is predominantly paternally inherited and
associated with larger trinucleotide CAG repeat expansions (60–100)3. The de novo occurrence of
juvenile Huntington’s disease in this family is likely to be explained by the presence of a reduced
penetrance repeat in the paternal side of the family. Patients carrying these reduced penetrance
repeats (36–39) can be without symptoms of Huntington’s disease at high age. Most juvenile
Huntington’s disease patients occur in families in which Huntington’s disease was already present,
by anticipation of repeats belonging to the full penetrance range (40 or more)4. To our knowledge
this is the first confirmed case of expansion of a reduced penetrance allele resulting in juvenile
Huntington’s disease. On brain MRI, Huntington’s disease is classically recognized by atrophy of the
caudate nuclei. But in juvenile Huntington’s disease, more often than in adult-onset Huntington’s
disease, hyper-intense T2 signals in the putamen have been described5. More recently, however,
T2 hypo-intensities almost exclusively confined to the globus pallidus have been described in early
and premanifest Huntington’s disease, similar to the findings in our patient6. Increased concentrations of iron have been suggested as the major cause of hypo-intensities on T2 images, and
this remarkable MRI feature may reflect a role for iron accumulation in the pathophysiology of
Huntington’s disease, but it can also be nonspecific6,7.
In summary, Huntington’s disease should be considered in patients with juvenile-onset dystonia
parkinsonism, even in case of a negative family history, which can be caused by extreme anticipation of a reduced penetrance alleles carried by 1 of the parents. Also, Huntington’s disease may
be added to the growing list of neurodegenerative diseases with the imaging hallmark of iron
accumulation.
7
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Figure 1

3 Tesla brain MRI

upper row
lower row

T2 and T1 TSE images showing atrophy of the caudate nucleus and putamen (encircled)
Susceptibility-Weighted Imaging (SWI) showing pronounced susceptibility in the globus
pallidus (encircled) and substantia nigra (arrow), most likely related to iron accumulation.
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Abstract
Differentiating Parkinson’s disease (PD) from other types of neurodegenerative atypical parkinsonism (AP) can be challenging, especially in early disease stages. Routine brain magnetic resonance imaging (MRI) can show atrophy or signal changes in several parts of the brain with fairly
high specificity for particular forms of AP, but the overall diagnostic value of routine brain MRI
is limited. In recent years, various advanced MRI sequences have become available, including
diffusion weighted imaging (DWI) and diffusion tensor imaging (DTI). Here, we review available
literature on the value of diffusion MRI for identifying and quantifying different patterns of neurodegeneration in PD and AP, in relation to what is known of underlying histopathologic changes
and clinical presentation of these diseases. Next, we evaluate the value of diffusion MRI to differentiate between PD and AP and the potential value of serial diffusion MRI to monitor disease
progression. We conclude that diffusion MRI may quantify patterns of neurodegeneration which
could be of additional value in clinical use. Future prospective clinical cohort studies are warranted
to assess the added diagnostic value of diffusion MRI.

Introduction
Differentiating Parkinson’s disease from the various forms of neurodegenerative atypical parkinsonism (AP) such as multiple system atrophy (MSA), progressive supranuclear palsy (PSP) or
cortical basal syndrome (CBS) can be difficult, especially in early disease stages. Adequate recognition of the proper diagnosis influences the counseling of patients and to some extent also treatment. Pathologic studies show that the rates of misdiagnosis can be as high as 24%1,2. During
clinical neurological examination, recognition of various atypical findings (also referred to as ‘red
flags’) can be suggestive for AP. Examples of such red flags include subtle cerebellar ataxia, prominent or early autonomic dysfunction, inability to ride a bicycle or fixed dystonia3,4. However, none
of these clinical signs offers complete certainty and many signs become apparent only in later
disease stages.

8

Various ancillary investigations are available to increase the diagnostic certainty. Brain imaging
(CT or preferably MRI) is mandatory to exclude in particular underlying cerebrovascular disease
and also to identify more rare but important causes of parkinsonism such as normal pressure
hydrocephalus, frontal neoplasms or multiple sclerosis5. In addition, conventional MRI sequences
can show abnormalities that point to the possible presence of AP, as revealed by atrophy and
signal changes in the basal ganglia, brainstem or cerebellum. These abnormalities have high specificity but limited sensitivity for diagnosing AP and their value is greatest in case of diagnostic
uncertainty6-8.
In recent years, diffusion MRI has emerged as a promising tool as it can identify and quantify
microstructural damage in parts of the brain which are unremarkable on routine brain MRI. In this
qualitative review we discuss the available literature on diffusion MRI, including diffusion weighted
imaging (DWI) and diffusion tensor imaging (DTI) in PD and AP. As DWI is able to evaluate the
extent of water molecules random movement, DTI can provide directional information. Both could
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possibly be a quantitative measure of microstructural changes in neurodegenerative diseases.
First, we review diffusion MRI in relation to histopathologic changes and clinical presentation in
PD and AP. Second, we discuss the ability of diffusion MRI to discriminate between PD and AP and
the potential value of serial diffusion MRI to monitor disease progression. The main results of the
most important studies discussed in this review are summarized in Appendix Table 1 for PD and in
Appendix Table 2 for AP.

Background of DWI and DTI
Diffusion weighted imaging quantifies the random movement of water molecules by applying
diffusion-sensitizing gradients between two radio frequency pulses9. The extent of diffusion is
quantified by applying diffusion-sensitizing gradients of different degrees in three orthogonal
directions and calculating the apparent diffusion coefficient (ADC) for each direction. The ADC is
very dependent on the direction of diffusion encoding. Therefore, diffusion in each direction is
averaged (mean diffusivity (MD) in DWI and Trace (D) in DTI), also called averaged ADC (ADCave).
The term ‘diffusivity’ used in the present review includes Trace(D), averaged ADCs and mean diffusivity (MD). The random motion of water molecules is restricted by the normal architecture of glial
tissue and fiber tracts, which is called anisotropy. The degree of anisotropy can be quantified by
applying diffusion sensitizing gradients in at least six directions from which fractional anisotropy
(FA) is calculated. Fractional anisotropy is derived from the first, second, and third eigenvectors
(and subsequent eigenvalues), which provide directional information that can be used for tractography. Just as in the case of other MRI sequences, artifacts (e.g. artifacts caused by motion, susceptibility and eddy currents) and pitfalls (e.g. T2 shine through phenomena) can influence diffusion
MRI results10. Data preprocessing can help to reduce these disturbances.

8

Two main quantitative analyses for diffusion MRI include the region-of-interest (ROI) method and
the automated voxel-based-methods (VBM). Tract-Based-Spatial-Statistics (TBSS) is an example of
automated VBM. Snook et al. compared these two methods by applying them to the same data set
and concluded that these produced complementary results but each method has its drawbacks
and does not completely reflect ongoing changes11.
Although neuronal loss and gliosis may explain alterations obtained by studies using DWI/DTI,
changes are notoriously difficult to interpret due to an insufficient understanding of the structural
underpinnings of these changes. Indeed, diffusivity and FA values represent quantitative measures
of microstructural integrity of white matter tracts, and accordingly microstructural damage in
neurodegenerative disorders. In gray matter water molecular diffusion is less directional dependent and therefore gray matter exhibits lower FA values compared to white matter structures.
Nevertheless, diffusional changes could possibly be a quantitative measure of microstructural
damage to gray matter structures12.
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Diffusion MRI in Parkinson’s disease
Parkinson’s disease is a neurodegenerative disorder that is currently defined clinically by
the presence of bradykinesia and at least one further motor symptom such as rest tremor or
rigidity13. Non-motor symptoms seem to be of an integral part of the clinical spectrum of the
disease and some of these changes may predate the onset of overt motor symptoms and signs14.
The primary pathologic changes involve loss of nigrostriatal dopaminergic neurons and intraneuronal Lewy bodies, mainly in the ventrolateral and caudal segment of the substantia nigra pars
compacta15,16. In later disease stages, additional lesions arise in non-dopaminergic brain areas17.
The main anatomical and functional changes induced by PD can be divided into three different
areas: mesencephalic (dopaminergic neural loss), basal ganglia (dopaminergic deafferentation)
and cortical (functional reorganization)18.
Routine brain MRI with assessment of T1, T2, FLAIR and proton-density-weighted sequences is
usually normal in early PD. Narrowing of the space between the substantia nigra pars compacta
and the pars reticulata and non-specific general cortical atrophy can sometimes be seen, especially in more advanced disease stages19. Additionally, nuclear medicine imaging (PET and SPECT
scans) can be used to identify the presence of presynaptic or postsynaptic dopaminergic denervation, though most techniques do not sufficiently distinguish between PD and AP20.
— Diffusional changes in the substantia nigra
Decrease of FA in the substantia nigra (SN) and along the path of nigrostriatal projection can be
seen in early clinical stages of the disease21-23, and the FA values correlate inversely with clinical
severity of PD22,24. Greater reduction of FA in the caudal region compared with the rostral region of
the SN can be observed with a reported 100% sensitivity and specificity in discriminating between
early untreated PD patients (n=14) and healthy controls (n=14)25.

8

In a multimodal approach, diffusion MRI can be combined with other MRI sequences such as
R2* (= 1/T2*, proton transverse relaxation rate reflecting increased tissue iron content)   to
further improve the diagnostic value in identifying PD26,27. In their study Péran et al. reached a
95% accuracy (area under receiver operating characteristic (ROC) curve analysis) by using various
combinations of R2* in the SN, FA in the SN and MD in the striatum in discriminating PD from
healthy controls26. Menke et al. used a novel approach, combined SN volumetry with DTI assessed
connectivity profiles resulting from running probabilistic tractography at 3.0T27,28. Whereas SN
volume discriminated insufficiently between PD patients and controls, a combination of SN volumetry and its connectivity with the thalamus provided 100% sensitivity and 80% specificity27. Based
on the SN connectivity profiles, an internal region likely corresponding with SNc and an external
region likely corresponding with SNr could be identified28. However, these studies found no differences in diffusivity measures in the SN between PD patients and healthy controls27,28. In a further
multimodal imaging study, combined use of transverse relaxation rate and fractional anisotropy
measures in the SN of PD had high accuracy in differentiating patients with PD from controls29.
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— Diffusional changes in striatal circuits, white matter tracts and cortex
In PD, changes in FA values can be seen throughout the brain already at the time of the clinical
motor onset, even when no significant atrophy is seen30. Reduced FA values in PD patients
compared to healthy controls have been reported in the motor, premotor and supplementary
motor cortex21,24.  Zhan et al. reported a remarkable correlation between increased FA values in
the postcentral gyrus at the level of somatosensory cortex and increased disease severity24, interpreted as a possible compensatory mechanism of the brain to motor control deficits. Increased FA
values in early stages of PD were also reported by Tessa et al., interpreted as probably resulting
from diffuse subtle gray matter loss30.
Yoshikawa et al. reported significant changes in FA values in white matter premotor areas in
advanced stages of PD as compared to controls, probably a result of extended damage in the
extrapyramidal system including the corticostriatal and thalamocortical projections21. Gattellaro
et al. compared 10 early PD patients with 10 age-matched controls and found increased MD and
decreased FA values in the genu of the corpus callosum and in the superior longitudinal fasciculus,
already in early stages of PD31. No diffusional changes in the corticospinal tract were observed.
Diffusional changes in the genu of the corpus callosum could indicate degeneration of the interhemispheric axonal connections between frontal areas31. Karagulle Kendi et al. found a significant decrease in FA values without volume loss in the frontal lobes in PD patients compared with
age-matched controls32. Areas included the supplementary motor area, prefrontal areas and the
anterior cingulate gyrus. These microstructural changes in the frontal areas can be the result of
pathologic changes outside the substantia nigra in PD17, but may also reflect frontal lobe dysfunction in PD.
— Clinical relevance of diffusional changes
Subtle cognitive deficits indicating frontal lobe dysfunction are common in early stage PD33,
though dementia in PD (PDD) frequently occurs in late stages and is associated with more rapid
progression of disability and increased mortality34. Diffusion MRI studies suggest that cingulate
areas play a role in PDD, with reported correlation between MMSE and FA values in the (posterior)
cingulate fiber tracts35,36. Other fiber tracts involved in PDD patients include the corpus callosum37,
the superior and inferior longitudinal fasciculus, the inferior fronto-occipital fasciculus and the
uncinate fasciculus38. There is a debate whether PDD and dementia with Lewy body (DLB) are
the same disease entities39, and advanced MR techniques could be used to address this issue.
For example, in a 3 Tesla MRI voxel-based DTI study different patterns of neurodegeneration with
significantly lower FA values in bilateral posterior temporal, posterior cingular and bilateral visual
association fibers in DLB compared to PDD were described40. However, a 1.5 Tesla voxel-based DTI
study found no differences in FA values between DLB and PDD patients38. It is unclear whether this
discrepancy can be attributed to differences in MRI field strengths.
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Razek et al. reported significant differences in putaminal ADC values between 25 PD patients on
levodopa treatment and 25 sex and age matched untreated patients and they suggested that
these differences could be attributed to the use of levodopa41. However, other studies found no
effect of  levodopa treatment on FA or ADC values22,42. Further studies are needed to elucidate the
impact of antiparkinsonian treatment on diffusivity measures.
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Diffusion MRI has also been used to get a better understanding of specific non-motor signs of
PD. For example, depression occurs in approximately 40% of PD patients and probably results in
large part from the neurodegenerative changes occurring in PD43. Based on a region of interest
voxel based analyses, Li et al. reported preliminary evidence of abnormal FA in the mediodorsal
thalamus of PD patients with depression, suggesting a relationship between the mediodorsal
thalamus and depressive symptoms44. They also found a significant negative correlation between
the severity of depression and the mean FA values in bilateral mediodorsal thalamic regions for
patients with PD. Another study found reduced FA values bilaterally in the anterior cingulate
bundles in depressed PD patients35. A very recent study failed to detect differences in diffusivity in
two ROIs, the uncinate fasciculus and the corpus callosum, but found significant smaller amygdala
volumes in PD patients with depression compared to healthy controls45. However, because the
populations of studies in PD depression were relatively small (ranging from 6 to 14 PD patients
with depression and 6 to 18 PD patients without depression) and because most studies did not
include healthy controls or patients with depression but without PD, these findings need additional validation.
Another example is olfactory dysfunction which is present in the majority of PD patients,
even in the earliest clinical stages before onset of overt motor symptoms23,46. Several studies have
reported decreased FA values or increased ADC values in the olfactory tract and the anterior olfactory region in early stage PD patients23,47-49 and these correlated with UPSIT scores (University
of Pennsylvania Smell Identification Test) in one study49. These findings have raised the question
whether a combination of olfactory testing and MRI-DTI could help to identify the pre-motor
phase of PD23,50. This hypothesis now needs to be tested, for example by scanning asymptomatic
carriers of mutations in known PD genes51,52, or in unaffected family members of patients with PD
who have signs of hyposmia53.
In conclusion, diffusional changes in several parts of the brain in PD have been reported which
correlate with known histopathologic changes and clinical symptoms.  These results hold promise
for diffusion MRI to be of additional  clinical value for diagnosis in early disease stages, treatment
planning and patient counseling.
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Figure 1

3 T proton density (left) and DWI ADC map (right) images showing severe atrophy of the
putamen in a patient diagnosed MSA-P. Note the increased diffusion seen as hyper
intensity on the ADC map. Region of interest (ROI) placed in the right dorsal putamen to
measure mean ADC for quantitative analysis.

Diffusion MRI in atypical parkinsonism
— Multiple System Atrophy (MSA)
Multiple system atrophy is a neurodegenerative disease that manifests with a variable combination of parkinsonism, cerebellar ataxia, autonomic dysfunction and pyramidal signs. It is divided
into two clinical subtypes, one with predominant cerebellar symptoms (MSA-C) and one with
predominant parkinsonian symptoms (MSA-P)54. In MSA-P, the nigrostriatal system is the main site
of pathology, and in MSA-C mainly the pontocerebellar system55. As in PD, the pathologic hallmark
of MSA is accumulation of alpha-synuclein containing inclusions in oligodendrocytes and less
frequently in neurons56. Routine brain MRI can show atrophy or signal changes of the putamen,
brainstem and cerebellum (Figure 1).

8

Diffusion MRI can detect putaminal abnormalities57,58-63 with a more severe involvement of the
posterior part of the putamen compared to its anterior part in MSA-P, which corresponds to the
known underlying neuropathology60,64. Significant higher ADC values in the entire putamen, posterior putamen, globus pallidus and caudate nucleus are found in MSA-P compared to MSA-C67.
Abnormal diffusivity in the infratentorial region is seen both in MSA-P and MSA-C61,63-67, but
increased ADC values in middle cerebellar peduncle (MCP) and cerebellar white matter in MSA-C
compared to MSA-P are reported63,67.
Tha et al. reported widespread areas of FA reduction and MD elevation in supra- and infratentorial white matter structures in 16 MSA-C patients (mean disease duration 4.2 years) compared to
16 age-matched healthy controls68. Changes in FA and/or MD values in different parts of the brain
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correlated with clinical index scores, such as the Barthel index score (for assessment of activities in
daily living) and SARA scores (assessment of ataxia); MD values of pontine tegmentum correlated
with severity of orthostatic hypotension68.
In conclusion, diffusional changes in both MSA-P and MSA-C have been reported  in several
infra- and supratentorial regions, mainly in the putamen and MCP and these correlate with clinical
index scores.
— Progressive Supranuclear Palsy (PSP)
Progressive supranuclear palsy is a neurodegenerative disorder with two main clinical presentations. The classic phenotype is now called Richardson’s syndrome (PSP-RS) and is   characterized by early onset postural instability and falls, supranuclear vertical gaze palsy and cognitive
dysfunction69. PSP-parkinsonism is dominated by an asymmetric onset, tremor and moderate
initial therapeutic response to levodopa, thereby rendering differentiation from PD difficult70. The
etiology of PSP is unknown, but the disorder is histologically characterized by abnormal aggregates
of tau-protein in the striatothalamocortical pathway. PSP is closely related to other tau-positive
neurodegenerative disorders, such as corticobasal degeneration71. Routine brain MRI can show
midbrain atrophy (Figure 2).
In a diffusion tensor study, Blain et al. found increased MD values in the decussation of the
superior cerebellar peduncles (SCP) in PSP compared with both MSA or PD (mean disease
duration 5.3 years)65. Similarly, other groups have found increased diffusivity values in the SCP72,73.
Histopathologic changes in PSP include damage in the dentate nucleus of the cerebellum and
its projection fibers in the SCP74. The clinical significance of damage to the superior cerebellar
peduncle in PSP is uncertain and degeneration of the SCP appears unrelated to disease duration
or typical clinical findings such as gaze palsy and postural instability75,76.
When assessing diffusivity in the basal ganglia, increased putaminal diffusivity has been
reported in PSP57,72,77,78. Wang et al. compared DTI values of ROI’s in several parts of the brain in
17 patients with PSP (probable or possible PSP, mean disease duration 4.5 – 6.5 years and median
H&Y score 4.5-5) and 17 healthy controls78. Significant differences in the basal ganglia, particularly
in the putamen, midbrain and white matter were found. A correlation between disease severity as
measured by motor score of the unified PD rating scale (UPDRS-III) and FA values in the caudate
and midbrain and MD values in the putamen and midbrain was found, suggesting that this may
be a late stage finding66. Indeed, these patients were severely affected and it remains to be seen
what the diagnostic yield would be in much earlier disease stages. In another study, Paviour et al.
reported a correlation between increased pallidal MD and UPDRS-II,-III and Hoehn and Yahr (H&Y)
scores in PSP79.
DTI changes in different parts of the brain in PSP have also been demonstrated by other
groups80-84. Padovani et al. reported decreased FA values in white matter structures (superior
longitudinal fasciculus, anterior part of corpus callosum, arcuate fasciculus, posterior thalamic
radiations and internal capsule) in earlier disease stages of PSP (mean 3.1 years)80. Whether
microstructural changes in white matter structures can be seen as an early sign of PSP remains
unclear. Kvickström et al. found a correlation between ADC values in the corticospinal tract (CST)
and disease severity, although there were no differences in FA and ADC values in the CST between
PSP patients and controls82. They found, however, significant decreased FA values and increased
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ADC values in the frontal part of the inferior fronto-occipital fasciculus in patients with PSP82. A
TBSS study compared 13 PSP patients with 10 age-matched controls and found significant differences in FA values in the cerebellar cortex, superior cerebellar peduncle, fornix, body of the corpus
callosum and the olfactory cortex83. Some of the findings occurred asymmetrically in only one
hemisphere, which might reflect a certain degree of asymmetrical clinical course83. When evaluating the corpus callosum, Ito et al. found significant reduction of FA values and increase in ADC
values in the corpus callosum prefrontal area and the corpus callosum premotor and supplementary motor areas in PSP compared to PD and HC84.
In conclusion, diffusion MRI may be able to identify microstructural changes in several gray
and white matter brain structures in PSP patients. FA and MD values in the striatum and midbrain
seem to correlate with disease severity, which makes it less likely that diffusional changes in these
structures can be seen in early disease stages. This possibly limits their use as a diagnostic surrogate. As degeneration of the SCP appears to be unrelated to disease duration, diffusional changes
in the SCP could possibly aid in diagnosing PSP in early disease stages.
— Corticobasal Degeneration (CBD)
Corticobasal degeneration is one of the causes of a corticobasal syndrome (CBS)85. Clinical diagnostic criteria are based on motor impairment related to basal ganglia dysfunction (asymmetric
parkinsonism, rigidity) and cortical dysfunction (alien limb phenomenon, apraxia)86. Cognitive
decline and behavior abnormalities are a hallmark for CBD, and dementia is frequent87. Just as
in PSP, CBD is poorly responsive to levodopa.  Pathologically, CBD is characterized by tau protein
deposits neurons and glial cells in the cortex71.
The typical asymmetry in CBD can also be seen in diffusion MRI as higher median ADCave values
in the hemisphere contralateral to the most affected body side were found72. Moreover, these
values correlated with UPDRS scores and H&Y stages72. In a DTI study, Erbetta et al. demonstrated
increased ADC values in the motor thalamus, precentral and postcentral gyri (ipsilateral to the
affected frontoparietal cortex) and in the bilateral SMA  in 11 patients with probable CBD compared
to 7 controls and 9 patients with PSP81. FA was decreased in the pre- and post central gyrus, SMA
and cingulum. Boelmans et al. reported in their fiber tractography study reduced fiber projections
with increased ADC and decreased FA values in the corticospinal tract on the affected side as well
as in the corpus callosum in CBS compared to healthy controls88. These probably reflect ongoing
atrophy and degraded transcallosal connectivity.
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Figure 2

(A) 3 Tesla sagittal T1 image and (B) DTI fiber tracking image in a patient diagnosed with
PSP. Severe atrophy of the midbrain is seen as a hummingbird sign on the sagittal
T1 image. The DTI fractional anisotropy (FA) image (C) enables quantitative evaluation
of midbrain white matter tract neurodegeneration, in comparison to a DTI FA image in a
healthy control (D).

Diffusion MRI to discriminate between PD and AP
As diffusion MRI seems to be able to identify different circuits of microstructural damage in
parkinsonism, it could potentially serve as an additional diagnostic tool to discriminate between
PD and AP.
— Putamen, caudate nucleus and globus pallidus
High ADC values in the putamen at 1.5T have been reported consistently to distinguish MSA-P
from PD with high diagnostic accuracy values57-59,62,67,72. Although there appears to be more severe
involvement of the posterior part of the putamen compared to its anterior part in MSA-P60, significantly increased ADC values in the entire putamen were found in MSA-P compared to PD and
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healthy controls63,88. Significantly increased putaminal ADC values have also been reported in
PSP and CBD compared to healthy controls and PD72,77, although this was not confirmed by other
studies79. The reason for that might be related to differences in methodology (e.g. differences in
DTI acquisition and ROI analyses) and study group composition (with a longer disease duration in
the PD group in the latter study). Indeed, PD subjects with a longer disease duration and concomitant white matter changes (WMC) might also have increased putaminal diffusivity89. Significantly
higher ADC values in the globus pallidus and caudate nucleus have been found in PSP compared
to MSA, PD and HC75,90.
— Midbrain, pons and cerebellumm
Interestingly, significant higher ADC values in the midbrain in PSP compared to MSA, PD and HC
have been reported67,90. In a 3T study, MD values in the pons, cerebellum and putamen were
found to be significantly higher and FA values lower in MSA than in PD or healthy controls61. In
differentiating MSA-P from PD, there was similar sensitivity (70%) and higher specificity (100%)
for decreased FA values in the pons compared to decreased FA values in the putamen and cerebellum to identify MSA-P61. In addition, all patients that had both low FA and high Trace(D) values
in each of these three areas were MSA-P cases, and those that had both normal FA and Trace(D)
values in the pons were all PD cases61. In a further 3T study, there were less clear diffusivity and FA
changes in patients with MSA-P compared to PD, PSP and healthy controls. This is probably related
to the diffusion MRI technique, as this study used STEAM-based DTI (rapid imaging alternative
to EPI-based methods) which is known to have lower signal intensity-to-noise ratio compared to
EPI-based DTI90.
— Middle and superior cerebellar peduncles
Diffusional changes in the MCP have a high diagnostic accuracy for MSA-P in some publications57,79,
but could not be confirmed by others63,65. Based on increased diffusivity values in the SCP, Nicoletti
et al. reported 96% sensitivity and 93% specificity in separating PSP from MSA-P73. In PSP, higher
ADC values in the SCP are found compared to CBD, PD and healthy controls72. On the other hand,
Paviour et al. did not find significant differences in ADC in the putamen and the SCP in patients
with PSP, MSA or PD79. Differences in methodology and study group composition might explain
discrepancy between these studies.
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— Cerebral hemispheric histograms
Higher median ADC values of the cerebral hemispheric histograms have been reported to discriminate CBD from PD, PSP and healthy controls with complete separation between groups72. In CBS,
increased corpus callosum MD and decreased FA values are reported differentiating CBS from
PD91, although diffusivity changes in the genu of the corpus callosum in PD are reported31.
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Evaluating disease progression with diffusion MRI
A longitudinal assessment of serial MRI-derived parameters offers the opportunity for robust
inferences regarding the progression of an underlying disease. In the field of movement disorders and, in particular, neurodegenerative parkinsonism, serial MRI would offer the possibility
to measure progression of cerebral lesions in a non-invasive way in vivo. Thus far, longitudinal
DWI/DTI studies have been rarely performed in neurodegenerative parkinsonism. Using DWI, a
significant increase of putaminal diffusivity over time has been demonstrated in two longitudinal
DWI studies. Pellechia et al. reported progression of diffusivity changes in time in the putamen,
pons, cerebellar white matter, thalamus and frontal white matter in eleven MSA patients scanned
at baseline and follow-up at 11.7± 1.2 months63. Progression of diffusivity changes in the putamen
has also been reported by Seppi et al., and correlated with progression of motor disturbances
(UPDRS-III)87. This could not be confirmed by Pellechia et al., possibly because of inclusion of both
MSA-C and MSA-P patients63. These data do suggest that diffusion MRI could be an objective
measure to monitor disease progression even after a short follow-up period63. Indeed, the demonstration of MRI-derived parameters that show its relevance to the pathogenesis and progression
of disease may help in monitoring outcomes in clinical trials. Pellecchia and colleagues63 calculated
sample size estimates based on Trace(D) value changes over one year and suggested that the
number of MSA patients might be diminished when using regions showing the most significant
DWI changes. According to this study, one would need eigthy patients to detect the effect of a drug
with an anticipated ability to reduce the rate of progression of putaminal diffusivity by 30% over
one year with a power of 90%. To detect such an effect by using clinical rating scales, one would
need 290 - 656 patients depending on the scale used92,93.
8

Discussion
Different patterns of neurodegeneration in PD and AP can be identified on diffusion MRI and these
seem to correlate with known histopathologic changes. These studies hold promise for diffusion
MRI as an additional diagnostic tool to differentiate between PD and AP. Especially diffusional
changes in the putamen, brainstem and cerebellar peduncles could possibly improve the discrimination between PD and AP in early disease stages. Diffusional changes in several structures
combined would probably increase accuracy of diagnosis as suggested by a recent publication,
though in this study patients in advanced disease stages were included94.
As diagnostic certainty increases with disease progression, most studies included patients
in advanced disease stages, thus making the clinical diagnosis of the patients more reliable.
Prospective studies of the diagnostic value of MRI in early degenerative parkinsonism are globally
lacking and would seem an important research priority. For clinical use, the added value of diffusion MRI to routine brain MRI as well as in relation to other advanced imaging techniques such as
susceptibility weighted imaging (SWI) and magnetization transfer imaging (MTI) remains unclear.
Most studies included only small patient numbers (on average 10 – 30 patients per disease entity) and
this limits the generalization of the findings. Some studies report almost perfect discriminative power
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(see Table 1), probably related to false positive and negative results as well as small number of patients
included. Obtaining chance findings was a serious risk, especially when appropriate corrections for
multiple comparisons at either the voxel or cluster level have not been performed. Independent confirmation in new patient groups is present for only a limited number of the described abnormalities.
Almost all studies included PSP patients suffering from the most reliably identifiable classic
picture of PSP, while the true diagnostic dilemma lies with atypical presentations such as PSP-P70,95.
Given the pathological heterogeneity of a “cortico-basal syndrome”, including CBD and other
neurodegenerative causes such as PSP, Pick’s disease and other fronto-temporal lobar degenerations96, MRI studies of clinically defined CBD must also be discussed with a grain of caution.
A major weakness of the DWI/DTI MRI studies in parkinsonism in the past has been the lack of
standardized MRI protocols and post-processing algorithms hindering comparison between
studies, e.g. while several authors used circle ROIs, others delineated whole regions of interest. As
Skorpil et al. pointed out, a solely anatomically based ROI placement can be problematic for small
anatomical structures, anatomical distortion by MRI artifacts and operator-dependent placement
variability. In their study they found significantly decreased FA values in the olfactory bulb (an area
sensitive to susceptibility artifacts) by applying a new DTI approach using the technique’s inherent
diffusion directional information for ROC placement and analysis23,97.
Although earlier studies have been published at 1.5 Tesla scanners, the more recent reports
deal with scanners at higher field strength, mostly 3 Tesla. Results between studies at 1.5 Tesla and
3 Tesla appear inconsistent, possibly due to increased signal-to-noise ratios, increased magnetic
susceptibility effects and increased echo-planar image distortion at 3 Tesla that may affect DWI/
DTI findings compared to 1.5 Tesla.
In conclusion, diffusion MRI may be able to quantify patterns of neurodegeneration which could be
of additional value in clinical use. For this, future prospective clinical cohort studies are warranted.
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– 37 PD (26 non-demented, 11 PDD) and
10 HC
– Assessment of FA values in WM ROIs at
1.5T

– 27 early untreated PD and 16 HC
– T1-weighted volumetry and DTI based
histogram generation of whole brain MD
and FA values at 1.5T

– 12 PD and 13 HC
– SPM analysis of DTI and 3D anatomic
T1-weighted images at 3.0T

– 10 early PD and 10 HC
– Assessment of MD and FA values in
various ROIs in the WM and deep GM
nuclei at 1.5T

Matsui et al.
2007 [35]

Tessa et al. 2008
[30]

Karagulle Kendi
et al. 2008 [32]

Gatellaro et al.
2009 [31]

– 10 PD and 10 HC
– T1 based volumetry and DTI estimated
connectivity profile resulting from
running probabilistic tractography in ROI
(SN, CN, PUT GP, thalamus) at 3.0T

Speciﬁcity (%)

– Insufficient

– 100 (PD)

– insufficient

– 88 (vs. HC)

– 100

– 80

– 100

– Increased MD in the SN but not in the thalamus, GP, PUT, and in the head of the CN
– Increased MD and decreased FA in the genu of the CC and in the superior longitudinal fasciculus
– Unaltered FA and MD in the corticospinal tract in the midbrain and at the level of the internal capsule, and in the
splenium of the CC

– Decreased FA bilaterally in the frontal lobes (supplementary motor area, presupplementary motor area, and
cingulum) in PD compared to HC
– No GM or WM volume loss in PD compared to HC

– Increase of the twenty-fifth percentile of the FA histogram in PD compared to HC
– No difference in total brain, GM and WM volumes in PD versus HC

– Significant FA reduction in frontal, temporal and occipital WM in PD compared to HC
– Significant FA reduction in the bilateral posterior cingulate bundles in PDD compared with non-demented PD patients

– No differences in ADCs in any of the ROIs between PD and HC
– No differences in ADCs in any of the ROIs between PD patients with L-dopa usage less and more than 1 year
– No differences in ADCs in any of the ROIs between PD patients with time from diagnosis to MRI less and more than
1 year

– FA in the SN

– Trace (D) value of
>0.78

– No differences of FA in the SN of PD
– Combined SN
patients versus HC
volumetry and
– Significant smaller SN volumes (AUC ≥0.8)
connectivity with
– Combined SN volumetry and its
the thalamus
connectivity with the thalamus, improved
diagnostic accuracy with an AUC of ≥0.9

– 21 PD and 14 HC
– Assessment of ADCs in various ROIs (CN,
GP, PUT, WM and cerebral peduncle)

Degirmenci et al.
2007 [42]

– Significant lower FA value in the SN of PD
patients without discriminative power
– Inverse correlation of clinical severity
(H&Y score) with the FA values
– No significant differences in any other
measures

– Increase of Trace(D) in the region of both
olfactory tracts in PD versus HC

Menke et al.
2009 [27]

– 73 PD and 78 HC
– Assessment of ADC and FA values on
a ROI basis in the SN, CN, PUT, GP and
thalamus at 1.5T

Chan et al. 2007
[22]

Sensitivity (%)

– Reduced FA in the SN of PD compared
– FA in caudal SN <
– 100
with HC
0.50 (estimated
– Greater reduction in the caudal compared
from figure 3 of the
with the rostral SN
paper)

– 12 PD and 12 HC
– Voxel-wise analysis of whole-brain
Trace(D) maps at 1.5T

Scherﬂer et al.
2006 [48]

Diagnostic predictor
(best discriminator)

– Significant decrease in FA values along a line between the SN and the lower part of the striatum (path of nigrostriatal
dopaminergic projection) in early and advanced PD

Results

Vaillancourt et al. – 14 early, untreated PD and 14 HC
2009 [25]
– Assessment of FA with ROI analysis in the
rostral, middle, and caudal SN at 3.0T

– 12 PD, 8 HC and 7 PSP
– Assessment of FA in variousROIs (SN,
basal ganglia, white matter, etc.) at 1.5 T

Cohort size / Methods

Yoshikawa et al.
2004 [21]

Author, Year

Table 1 DWI/DTI in Parkinson’s disease: summary of the available studies
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– 80

– Combined SN
– No differences of FA in the SN of PD
volumetry and
patients versus HC
connectivity with
– Significant smaller SN volumes (AUC ≥0.8)
– Combined SN volumetry and its
the thalamus
connectivity with the thalamus, improved
diagnostic accuracy with an AUC of ≥0.9

– 10 PD and 10 HC
– T1 based volumetry and DTI estimated
connectivity profile resulting from
running probabilistic tractography in ROI
(SN, CN, PUT GP, thalamus) at 3.0T

– 19 PDD, 18 DLB and 18 HC
– Whole brain voxel-based analysis of FA
maps at 3.0T

– 24 early PD and 24 HC
– Voxelwise group comparisons of FA maps
in the central olfactory structures at 3.0T
– Olfactory testing

Menke et al.
2009 [27]

Lee et al. 2010
[40]

Ibarretxe-Bilbao
et al. 2010 [49]

– 30 PD and 22 HC
– Assessment of R2*, FA and MD values in
ROIs (GP, PUT, CN, thalamus, SN and RN)
with voxel-based confirmation at 3.0T

– 30 PD and 30 HC
– ROI based analysis of mean diffusion
kurtosis (MK), FA and ADCs in the PUT,
CN, GP, and SN at 3.0T

– Significant increase of RD and decrease of – FA in olfactory ROI
– 14 early PD and 14 HC
<0.19 (estimated
– Assessment of FA, MD, RD and AD in ROIs
FA in the SN of PD patients
– Significant decrease of FA in the olfactory
from table 3 from
in the SN and anterior olfactory system
the paper)
of and voxel-based analysis of FA maps of
tract of PD patients without overlapping
WM tracts at 1.5T
values
– No group differences of FA values within
WM tracts

Peran et al. 2010
[27]

Wang et al. 2011
[66]

Rolheiser et al.
2011 [47]

– Increased MK in the PUT and SN in PD
versus HC
– No differences in FAs
– No differences in ADCs
– No correlation of UPDRS-III values with
any imaging measure

– 100

– 87

– MK in the ipsilateral – 90
putamen > 0.80
– 100

– 87

– MK in the ipsilateral – 92
SN > 1.10

Lower FA values in the SN and thalamus in PD versus HC
Higher R2* values in the SN in PD versus HC (reflecting increased tissue iron content)
Higher MD values in the thalamus and the striatum in PD versus HC
Results confirmed by voxel-based analysis
Various combinations of R2* in the SN, FA in the SN and MD in the PUT or CN best predicted PD with AUC-values
>0.95

– No overall FA or MD differences between groups in either the CC or the cingulum pathways
– Negative correlation of MD values in the CC with MMSE scores in PD subjects (controlled for age, sex and total WM
volume)

– 35 PD (29 non-demented, 6 PDD) and
15 HC
– Tractography of ROIs in the CC and
cingulum at 1.5T

Wiltshire et al.
2010 [37]

–
–
–
–
–

– Significantly decreased FA values in bilateral mediodorsal thalamic regions in depressed versus non-depressed PD
patients
– Negative correlation of FA-values with the scores of depression severity
– No difference in MD values between groups

Lower FA values in severe hyposmic PD patients (n=18) compared to mild hyposmic PD patients (n=6) and controls
in the WM adjacent to gyrus rectus
Reduced FA in PD patients with anosmia in the WM surrounding primary olfactory areas in comparison with HC
Correlation of FA values in the WM adjacent to primary olfactory cortex and right gyrus rectus with UPSIT scores in
PD

Li et al. 2010 [44] – 32 PD (14 non-depressed, 18 depressed)
– Assessment of FA and MD values in a
ROI-guided voxel-based analysis in the
thalamus at 3.0T

–
–
–
–

– Reduced FA values in PDD in bilateral frontal, left temporal and left parietal white matter compared to HC
– Similar pattern in DLB with additional FA reduction in bilateral insular, bilateral posterior cingular and bilateral visual
association regions compared to HC
– Reduced FA values in DLB in bilateral posterior temporal, posterior cingular and bilateral visual association fibres
extending into occipital areas compared to PDD

– 100

– 100

– Increased MD in the SN but not in the thalamus, GP, PUT, and in the head of the CN
– Increased MD and decreased FA in the genu of the CC and in the superior longitudinal fasciculus
– Unaltered FA and MD in the corticospinal tract in the midbrain and at the level of the internal capsule, and in the
splenium of the CC
– Reduced FA in the SN of PD compared
– FA in caudal SN <
– 100
0.50 (estimated
with HC
– Greater reduction in the caudal compared
from figure 3 of the
with the rostral SN
paper)

– 10 early PD and 10 HC
– Assessment of MD and FA values in
various ROIs in the WM and deep GM
nuclei at 1.5T

Gatellaro et al.
2009 [31]

– Decreased FA bilaterally in the frontal lobes (supplementary motor area, presupplementary motor area, and
cingulum) in PD compared to HC
– No GM or WM volume loss in PD compared to HC

Vaillancourt et al. – 14 early, untreated PD and 14 HC
2009 [25]
– Assessment of FA with ROI analysis in the
rostral, middle, and caudal SN at 3.0T

– 12 PD and 13 HC
– SPM analysis of DTI and 3D anatomic
T1-weighted images at 3.0T

Karagulle Kendi
et al. 2008 [32]
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patients
– Negative correlation of FA-values with the scores of depression severity
– No difference in MD values between groups

130

– 30 PD and 30 HC
– ROI based analysis of mean diffusion
kurtosis (MK), FA and ADCs in the PUT,
CN, GP, and SN at 3.0T

– 14 early PD and 14 HC
– Significant increase of RD and decrease of – FA in olfactory ROI
FA in the SN of PD patients
<0.19 (estimated
– Assessment of FA, MD, RD and AD in ROIs
from table 3 from
– Significant decrease of FA in the olfactory
in the SN and anterior olfactory system
the paper)
of and voxel-based analysis of FA maps of
tract of PD patients without overlapping
WM tracts at 1.5T
values
– No group differences of FA values within
WM tracts

– 12 PD and 20 HC
– Voxel based analysis of DTI scans at 4.0 T
with ROI analysis confirmation

– 50 PD (25 untreated PD, 25 L-Dopa
treated 25)

– 16 PD, 16 HC
– Assessment of R2* and FA in the SN at
3.0T

– 30 PD, (15 nondemented, 15 PDD) and
30 HC
– Tractography and assessment of FA and
MD in the cingulated fiber tracts at 3.0T

– 85 PD (28 cognitively unimpaired, 32
PD-MCI and 25 PDD), 29 DLB and 40 HC
– Whole brain voxel-based DTI and T1
analysis at 1.5 T
– 123I-IMP-SPECT (perfusion)

– 12 PD (6 depressed, 6 non-depressed),
6 HC
– Assessment of FA and MD values in
the uncinate fasciculus and CC and
volumetric analysis of hippocampus and
amygdala

– 18 PD and 16 HC
– ROI based analysis. Novel approach using

Rolheiser et al.
2011 [47]

Zhan et al. 2012
[24]

Razek et al. 2011
[41]

Du et al. 2012
[29]

Kamagata et al.
2012 [36]

Hattori et al.
2012 [38]

Surdhar et al.
2012 [45]

Skorpil et al.
2012 [23]

– 100

– 87

– MK in the ipsilateral – 90
putamen > 0.80
– 100

– 87

– MK in the ipsilateral – 92
SN > 1.10

FA significantly lower in PDD patients versus HC in both the anterior and the posterior cingulated fiber tracts
FA significantly lower in patients with PD versus HC in the anterior cingulated fiber tract
MD not different among groups
Significant correlation of MMSE scores and FA values of the anterior cingulated fiber tracts in patients with PDD

– Significant decreased FA values in the SN and olfactory bulb in PD
– MD values not different among groups

– No significant differences of FA or MD values among groups
– Smaller amygdala volumes depressed PD group compared to HC

– Significantly decreased FA values in many major tracts in patients with PD-MCI, PDD, and DLB (but not in cognitively
unimpaired PD) compared with HC
– Significantly correlation of FA values in the certain WM areas, particularly the bilateral parietal white matter with
MMSE scores in patients with PD
– Diffuse GM atrophy in patients with PDD and DLB
– Occipital and posterior parietal hypoperfusion in all patient groups when compared with HC

–
–
–
–

– Increased R2* (reflecting increased tissue iron content) and reduced FA in the SN of PD versus HC
– No significant correlation between R2* and FA values
– Combined use of R2* and FA in the SN enhances diagnostic accuracy as shown by c-statistics (R2*, 0.930; FA, 0.742,
and both R2* and FA, 0.996)

– Significantly higher putaminal ADCs in PD patients on L-Dopa compared to those without L-Dopa treatment with an
AUC of 0.96

– Significant lower FA in precentral gyrus, SN, PUT, posterior striatum, frontal lobe, and the supplementary motor
areas
– Significant indirect correlation of FA values in the SN and direct correlation of FA values in the postcentral gyrus with
total UPDRS scores

– Increased MK in the PUT and SN in PD
versus HC
– No differences in FAs
– No differences in ADCs
– No correlation of UPDRS-III values with
any imaging measure

Lower FA values in the SN and thalamus in PD versus HC
Higher R2* values in the SN in PD versus HC (reflecting increased tissue iron content)
Higher MD values in the thalamus and the striatum in PD versus HC
Results confirmed by voxel-based analysis
Results
Various combinati
ons of R2* in the SN, FA in the
SN andc MD
in the PUT or CN best predicted PD with AUC-values
Diagnosti
predictor
Sensitivity (%)
Speciﬁcity (%)
>0.95
(best discriminator)

Wang et al. 2011
[66]

Author, Year

–
–
–
–
–

– 30 PD and 22 HC
– Assessment of R2*, FA and MD values in
ROIs (GP, PUT, CN, thalamus, SN and RN)
with voxel-based confirmation at 3.0T
Cohort size / Methods

Peran et al. 2010

(cont.
[27] table 1)

– No overall FA or MD differences between groups in either the CC or the cingulum pathways
– Negative correlation of MD values in the CC with MMSE scores in PD subjects (controlled for age, sex and total WM
volume)

– 35 PD (29 non-demented, 6 PDD) and
15 HC
– Tractography of ROIs in the CC and
cingulum at 1.5T
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Wiltshire et al.
2010 [37]

– Assessment of FA and MD values in a
ROI-guided voxel-based analysis in the
thalamus at 3.0T
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PD
HC
PDD
MCI
SN

FA
RD
AD
R2*

GP
CN
PUT
ICP
MCP
SCP
CC
WM
GM
SMA
UPDRS
H&Y
UPSIT

=
=
=
=
=
=
=
=
=
=
=
=
=

Globus pallidus
Caudate nucleus
Putamen
Inferior cerebellar peduncle
Middle cerebellar peduncle
Superior cerebellar peduncle
Corpus callosum
White matter
Gray matter
Secondary motor area
Unified PD Rating Scale
Hoehn and Yahr stage
University of Pennsylvania Smell Identification Test

– Significant decreased FA values in the SN and olfactory bulb in PD
– MD values not different among groups

– No significant differences of FA or MD values among groups
– Smaller amygdala volumes depressed PD group compared to HC

– Significantly decreased FA values in many major tracts in patients with PD-MCI, PDD, and DLB (but not in cognitively
unimpaired PD) compared with HC
– Significantly correlation of FA values in the certain WM areas, particularly the bilateral parietal white matter with
MMSE scores in patients with PD
– Diffuse GM atrophy in patients with PDD and DLB
– Occipital and posterior parietal hypoperfusion in all patient groups when compared with HC

– Significant correlation of MMSE scores and FA values of the anterior cingulated fiber tracts in patients with PDD

ADCs were averaged (ADCave) over three orthogonal measurements, thus
representing the trace of the diffusion tensor (Trace(D)) or mean diffusivity
(MD).
= Fractional anisotropy
= Radial diffusivity
= Axial diffusivity
= Proton transverse relaxation rate (R2* = 1/T2*, reflecting increased
tissue iron content)
= Parkinson’s disease
= Healthy controls
= Parkinson’s disease dementia
= Mild cognitive impairment
= Substantia nigra

– 18 PD and 16 HC
– ROI based analysis. Novel approach using
DTI inherent directional information for
ROI placement and analysis

Skorpil et al.
2012 [23]

Note:

– 12 PD (6 depressed, 6 non-depressed),
6 HC
– Assessment of FA and MD values in
the uncinate fasciculus and CC and
volumetric analysis of hippocampus and
amygdala

Surdhar et al.
2012 [45]

MD in the cingulated fiber tracts at 3.0T

– 85 PD (28 cognitively unimpaired, 32
PD-MCI and 25 PDD), 29 DLB and 40 HC
– Whole brain voxel-based DTI and T1
analysis at 1.5 T
– 123I-IMP-SPECT (perfusion)

Hattori et al.
2012 [38]
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– 10 MSA-P, 11 PD and 7 HC
– Assessment of ADC values (measured
in the slice (z-) direction only) in several
ROIs (pons, SN, GP, CN, PUT, thalamus,
GM and WM) at 1.5T

– 12 MSA-P, 13 PD, 10 PSP including all PD
and MSA-P patients studied by Schocke
et al. 2002
– Assessment of ADC values (measured
in the slice (z-) direction only) in several
ROIs (pons, SN, GP, CN, PUT, thalamus,
GM and WM) at 1.5T

– 11 MSA-P, 17 PD and 10 HC
– Assessment of ADCs and of the averaged
ADC = Trace(D) in several ROIs (pons,
SN, GP, CN, PUT, thalamus, GM and WM)
at 1.5T

– 15 MSA-P, 20 PD and 11 HC including all
patients studied by Schocke et al. 2004
– Assessment of the averaged ADC =
Trace(D) in ROIs in the entire, anterior,
and posterior putamen at 1.5T

– 10 MSA-P and 10 PD
– Baseline and 1.3-year follow-up
assessment of the Trace(D) in ROIs (PUT,

Author, Year

Schocke et al.
2002 [58]

Seppi et al. 2003
[77]

Schocke et al.
2004 [59]

Seppi et al. 2006
[60]

Seppi et al. 2006
[87]

– Putaminal ADCs >
0.760 x 10-3 mm2/s

– 100 (vs. PD)

– 100 (vs. PD & HC)

– 100 (MSA-P)

– Putaminal Trace(D)
> 0.80 x 10-3 mm2/s

– Significant increase of putaminal Trace(D) values in the MSA-P but not in the PD group
– Significant correlation of the increases of putaminal Trace(D) values with UPDRS-III scores in the MSA-P group

– Significant increased Trace(D) values
in the entire, anterior, and posterior
putamen in MSA-P compared to PD and
HC
– Significant higher ADC values in the
posterior compared to the anterior
putamen in MSA-P
– No significant differences between PD
and HC
– Significant correlation between UPDRS-III
and putaminal Trace(D) values in MSA-P
but not PD

– Significant higher putaminal and pallidal
ADC and Trace(D) values in MSA-P
compared to both PD and HC
– No differences in ADC and Trace(D)
values between PD and HC in any of the
ROIs
– Complete discrimination between MSA-P
vs. PD & HC with putaminal ADCs in y- &
(z-) direction and putaminal Trace(D)
values
– Significant correlation between UPDRS-III
and putaminal ADC values and Trace(D)
values in MSA-P but not PD

– 100 (MSA-P)
– 90 (PSP)

– 100 (vs. PD)

– Significant increased ADCs in PUT, GP and
CN in PSP compared to PD
– No differences of ADC values of the
different ROIs between PSP and MSA-P

– 100 (MSA-P)
– 90 (PSP)

– Putaminal ADCs >
0.760 x 10-3 mm2/s

– Putaminal ADCs >
0.760 x 10-3 mm2/s

Speciﬁcity (%)
– 100 (vs. PD & HC)

Sensitivity (%)
– 100 (MSA-P)

Diagnostic predictor
(best discriminator)

– Significant increased putaminal ADC
values in MSA-P compared to PD and HC
– No significant group differences of ADC
values in the other ROIs.
– Significant correlation between UPDRS-III
and putaminal ADC values in MSA-P but
not PD

Results

Table 2 DWI/DTI in atypical parkinsonism: summary of the available studies

Clinical Application of Brain MRI in Parkinsonism

– 17 MSA (10 MSA-P, 7 MSA-C), 12 PD, 17
PSP and 12 HC
– Assessment of fractional anisotropy (FA)
and mean diffusivity (MD) in several ROIs
(MCP, pons, decussation of SCP) at 1.5T

– PSP 14 / HC 14
– VBM and whole brain voxel-wise analysis
of FA

– 9 MSA-P, 9 PD and 16 HC
– Assessment of ADCs and of the averaged
ADC = Trace(D) at 1.5T
– H/M ratio at MIBG-scintigraphy
– Tilt table testing

Blain et al. 2006
[65]

Padovani et al.
2006 [80]

Köllensperger et
al. 2007 [62]

– Significant increased putaminal ADC
– 16 MSA-P, 16 PD, 16 PSP and 15 HC
values in MSA-P compared to PD and HC
– Assessment of averaged ADC values
– Significant increased MCP ADC values in
(measured in the three orthogonal
MSA-P not only compared to PD and HC
directions) in several ROIs (MCP, pons, GP,
but also compared to PSP
CN, PUT, thalamus, GM and WM) at 1.5T
– Significant increased prefrontal and
precentral white matter ADC values in
PSP versus all other groups and in in
MSA-P and PD versus HC

Nicoletti et al.
2006 [57]

– Putaminal ADCs >
0.760 x 10-3 mm2/s
– 100 (MSA-P)
– 90 (PSP)

– 100 (vs. PD)

– 100 (vs. PD & HC)
– 81 (vs. PSP)
– 97 (vs. PD & HC)
– 100 (vs. PD)
– 94 (vs. HC)

– 100 (vs. All groups)

– 100 (MSA-P)
– 75 (PSP)

– 100 (only MSA-C)

– Putaminal ADC >
0.953 x 10-3 mm2/s
– Putaminal ADC >
0.93 x 10-3 mm2/s
(estimated from
figure 2 of the
paper)

– Significant increased putaminal ADC
– Putaminal ADC >
values in MSA-P compared to PD and HC
0.79 x 10-3 mm2/s
– Significant lower H/M ratios in PD
compared to HC with considerable
overlap between MSA-P and PD
– No significant differences of blood
pressure response to passive tilt between
PD and MSA-P
– DWI superior to both tilt table testing and

– 100 (MSA-P)

– 100 (vs. All groups)

– VBM: Significant clusters of reduced GM in premotor cortex, frontal operculum, anterior insula, hippocampus, and
parahippocampal gyrus, bilaterally and with regard to subcortical brain regions, significant tissue loss in the pulvinar,
dorsomedial and anterior nuclei of the thalamus, and superior and inferior colliculum, bilaterally
– Voxel-wise FA analysis: Reduced FA in superior longitudinal fasciculus, anterior part of CC, arcuate fasciculus,
posterior thalamic radiations, and internal capsule

– Significantly increased MD and decreased – MD in MCP > 8.2
FA values in MCP in MSA compared to
10-3 mm2/s
– (estimated from
PSP, PD and HC
figure 3A of the
– Significant increased pontine MD values
paper)
in MSA compared to PSP/PD/HC
– Significant increased SCP MD values in
PSP compared to MSA, PD and HC and
significant decreased SCP FA values in PSP
compared to PD

– 100 (vs. All groups)

– 100 (MSA-P)

– MCP ADC > 0.875 x
10-3 mm2/s

– Significant increase of putaminal Trace(D) values in the MSA-P but not in the PD group
– Significant correlation of the increases of putaminal Trace(D) values with UPDRS-III scores in the MSA-P group

– 10 MSA-P and 10 PD
– Baseline and 1.3-year follow-up
assessment of the Trace(D) in ROIs (PUT,
GP and CN) at 1.5T

Seppi et al. 2006
[87]

– Significant increased Trace(D) values
in the entire, anterior, and posterior
putamen in MSA-P compared to PD and
HC
– Significant higher ADC values in the
posterior compared to the anterior
putamen in MSA-P
– No significant differences between PD
and HC
– Significant correlation between UPDRS-III
and putaminal Trace(D) values in MSA-P
but not PD

– 15 MSA-P, 20 PD and 11 HC including all
patients studied by Schocke et al. 2004
– Assessment of the averaged ADC =
Trace(D) in ROIs in the entire, anterior,
and posterior putamen at 1.5T

Seppi et al. 2006
[60]

– Complete discrimination between MSA-P
vs. PD & HC with putaminal ADCs in y- &
(z-) direction and putaminal Trace(D)
values
– Significant correlation between UPDRS-III
and putaminal ADC values and Trace(D)
values in MSA-P but not PD
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– 9 MSA-P, 9 PD and 16 HC
– Assessment of ADCs and of the averaged
ADC = Trace(D) at 1.5T
– H/M ratio at MIBG-scintigraphy
– Tilt table testing

– 11 MSA-P, 12 PD, 20 PSP and 7 HC
– Assessment of ADC values in several ROIs
(MCP, caudal and rostral pons, midbrain,
decussation of SCP, thalamus, GP, CN,
PUT, CC, frontal and parietal WM and
centrum semiovale) at 1.5T

– 20 MSA (10 MSA-P, 10 MSA-C), 21 PD
and 20 HC
– Assessment of ADCave and FA values on
a ROI basis in the pons, cerebellum and
putamen at 3.0T

– 15 MSA-P, 16 PD, 28 PSP and 15 HC
including all patients studied by Nicoletti
et al. 2006
– Assessment of ADC values in the SCP
at 1.5T

– 7 PSP, 29 PD and 19 HC
– Assessment of ADC and FA values in five

Paviour et al.
2007 [79]

Ito et al. 2007
[61]

Nicoletti et al.
2008 [73]

Ito et al. 2008
[84]

– Significant reduction of FA values and
increase in ADCs CC1 (prefrontal area)

– Significant higher SCP ADC values in PSP
compared to MSA-P, PD and HC.

– Significant higher ADC and significant
lower FA values in the pons, cerebellum
and putamen in MSA compared to PD
or HC.
– No difference in the ADC and FA values
of the different regions between MSA-P
and MSA-C.
– All patients that had both significant low
FA and high ADC values in each of the
three regions were MSA-P cases, and
those that had both normal FA and ADC
values in the pons were all PD cases.

– Significant higher ADC values in the MCP
and rostral pons in MSA-P compared to
PSP and PD.
– Significant correlation between ADC
values in rostral pons and H&Y in MSA-P

– 82 (vs. All groups)
– 84 (vs. PSP)

– 70 (vs. PD)
– 88 (vs. PD)
– 64 (vs. PD)

– 91 (MSA-P)

– 70 (MSA-P)
– 60 (MSA-P)
– 70 (MSA-P)
– 70 (MSA-P)
– 70 (MSA-P)
– 70 (MSA-P)
– 90 (MSA-P)

– MCP ADC > 0.733 x
10-3 mm2/s

– ADC pons > 0.98 x
10-3 mm2/s
– ADC cerebellum >
0.96 x 10-3 mm2/s
– ADC putamen >
0.83 x 10-3 mm2/s
– FA pons < 0.38
– FA cerebellum <
0.30
– FA putamen < 0.35
– Both low FA and
high ADC values in
any of the three
areas

– 100 (PSP)
– 86 (PSP)

– 76 (vs. PD)
– 66 (vs. PD)

– 93 (vs. MSA-P)

– 97 (PSP)
– SCP ADC >0.957 x
10-3 mm2/s

– CC1 ADC >1.30 ×
10-3 mm2/s

– 93 (vs. PD & HC)

– 100 (PSP)

– SCP ADC >0.89 x
10-3 mm2/s

– 100 (vs. PD)

– 88 (vs. PD)

– 64 (vs. PD)

– 100 (vs. PD)

– 100 (vs. All groups)

– Putaminal ADC >
– Significant increased putaminal ADC
values in MSA-P compared to PD and HC
0.79 x 10-3 mm2/s
– Significant lower H/M ratios in PD
compared to HC with considerable
overlap between MSA-P and PD
– No significant differences of blood
pressure response to passive tilt between
PD and MSA-P
– DWI superior to both tilt table testing and
MIBG scintigraphy in differentiating PD
from MSA-P

– 100 (MSA-P)

– VBM: Significant clusters of reduced GM in premotor cortex, frontal operculum, anterior insula, hippocampus, and
parahippocampal gyrus, bilaterally and with regard to subcortical brain regions, significant tissue loss in the pulvinar,
dorsomedial and anterior nuclei of the thalamus, and superior and inferior colliculum, bilaterally
ResultsReduced FA in superiorDiagnosti
c predictor
– Voxel-wise FA analysis:
longitudinal
fasciculus, anterior part of CC, arcuate fasciculus,
Sensitivity (%)
Speciﬁcity (%)
(best discriminator)
posterior thalamic radiations, and internal capsule

– PSP 14 / HC 14
– VBM and whole brain voxel-wise analysis
of FA
Cohort size / Methods

Köllensperger et
al. 2007 [62]

Author, Year

10-3 mm2/s
FA values in MCP in MSA compared to
– (estimated from
PSP, PD and HC
figure 3A of the
– Significant increased pontine MD values
paper)
in MSA compared to PSP/PD/HC
– Significant increased SCP MD values in
PSP compared to MSA, PD and HC and
significant decreased SCP FA values in PSP
compared to PD

PSP and 12 HC
– Assessment of fractional anisotropy (FA)
and mean diffusivity (MD) in several ROIs
(MCP, pons, decussation of SCP) at 1.5T

8

2006 [80]

(cont.
table
2)
Padovani
et al.

[65]

Clinical Application of Brain MRI in Parkinsonism

– 15 MSA-P, 16 PD, 28 PSP and 15 HC
including all patients studied by Nicoletti
et al. 2006
– Assessment of ADC values in the SCP
at 1.5T

– 7 PSP, 29 PD and 19 HC
– Assessment of ADC and FA values in five
ROIs in the corpus callosum (CC1-CC5)
at 1.5 T

– 10 PSP, 7 CBS, 13 PD and 9 HC
– Assessment of ADC values in several ROIs
(midbrain, CC, SCP, GP, CN, PUT, thalamus,
posterior limb of internal capsule, frontal
and parietal WM) at 1.5T. Generation of
histograms of ADCs (with determination
of medians) for all voxels in left and right
cerebral hemispheres and in left and right
deep gray matter regions separately to
calculate the ratio of the smaller to the
larger median value (symmetry ratio) for
left and right hemispheres and for left
and right deep gray matter regions (1 =
perfect symmetry).

– CBS 10 / HC 10
– Application of fiber tractography and DTI
to analyze the axonal integrity of white
matter projections, namely corticospinal
tract (CST) and corpus callosum (CC)

– MSA-P 9 / MSA-C 12 / HC 11
– Assessment of ADC and Trace (D) values
in several ROIs (MCP, pons, anterior and
posterior PUT, entire PUT, CN, cerebellar
WM)

– PSP 9 / CBD 11 / HC 7
– Assessment of ADCave & FA values in
several ROIs (ventrolateral (motor),
medial, anterior, and posterior regions of
the thalami, basal ganglia, fronto-orbital
white matter, cingulum, supplementary
motor area (SMA), and precentral and
postcentral gyri)

Nicoletti et al.
2008 [73]

Ito et al. 2008
[84]

Rizzo et al. 2008
[72]

Boelmans et al.
2009 [88]

Pellecchia et al.
2009 [63]

Erbetta et al.
2009 [81]

– 93 (vs. MSA-P)

– 76 (vs. PD)
– 66 (vs. PD)

– 93 (vs. PD & HC)
– 93 (vs. MSA-P)
– 76 (vs. PD)
– 66 (vs. PD)
– 91 (vs. HC & PD)
– 92 (vs. PD)
– 82 (vs. HC & PD)
– 77 (vs. PD)
– 75 (vs. All groups)
– 91 (vs. HC & PD)
– 85 (vs. PD)

– 97 (PSP)

– 100 (PSP)
– 86 (PSP)

– 100 (PSP)
– 97 (PSP)
– 100 (PSP)
– 86 (PSP)
– 86 (CBS)
– 80 (PSP)
– 90 (PSP)

– SCP ADC >0.957 x
10-3 mm2/s

– CC1 ADC >1.30 ×
10-3 mm2/s
– CC1 FA < 0.48

– Putaminal ADC >
0.745 x 10-3 mm2/s
– SCP ADC >0.957 x
10-3 mm2/s
– CC1 ADC >1.30 ×
10-3 mm2/s
– CC1 FA < 0.48
– Putaminal ADC >
0.745 x 10-3 mm2/s
– Putaminal ADC >
0.735 x 10-3 mm2/s
– SCP ADC > 0.815 x
10-3 mm2/s

– Significant reduction of FA values and
increase in ADCs CC1 (prefrontal area)
and CC2 (premotor and supplementary
motor area) in PSP compared to PD and
HC
– Significant higher putaminal ADC values
in PSP and CBS compared to PD and HC
– Significant higher SCP ADC values in PSP
compared to the CBS, PD and HC
– Significant increased higher valued
hemispheric median ADC values of the
cerebral hemispheric histograms in CBS
compared to PSP, PD and HC
– Complete discrimination between CBS
and the other groups based on the
hemispheric symmetry ratio
– No significant difference in any of the
evaluated measures between PD and HC

– In PSP, ADCave values were increased in several areas: the thalamus, particularly in its anterior and medial nuclei;
cingulum; motor area; and SMA. FA values were particularly decreased in the fronto-orbital white matter, anterior
cingulum, and motor area
– In CBD, ADCave was increased in the motor thalamus, in the precentral and postcentral gyri, ipsilateral to the
affected frontoparietal cortex, and in the bilateral SMA. FA was mainly decreased in the precentral gyrus and SMA,
followed by the postcentral gyrus and cingulum
– Reduced fiber projections in the CST on the first affected side as well as in the CC, particularly in the posterior trunk,
in CBS compared to HC with significantly increased ADC and reduced FA values in these regions in CBS compared to

Significant increased Trace (D) values in entire and anterior PUT in MSA-P compared to MSA-C/HC
Significant increased Trace (D) values in posterior PUT in MSA-P compared to HC
Significant increased Trace (D) values in MCP and cerebellar WM in MSA-C compared to MSA-P/HC
Significant increased pontine Trace (D) values in MSA-C compared to HC
Significant higher ADC values in the posterior compared to the anterior putamen in MSA-P and MSA-C, but not in PD
and HC
– Significant correlation of disease duration with cerebellar ADC values in MSA-C and pontine ADC values in MSA-P
– Significant correlation of UMSAR and UPDRS with ADC values in posterior and entire putamen

–
–
–
–
–

– Reduced fiber projections in the CST on the first affected side as well as in the CC, particularly in the posterior trunk,
in CBS compared to HC with significantly increased ADC and reduced FA values in these regions in CBS compared to
HC

– 93 (vs. PD & HC)

– 100 (vs. PD)

– 90 (MSA-P)

– Both low FA and
high ADC values in
any of the three
areas
– 100 (PSP)

– 88 (vs. PD)

– 70 (MSA-P)

– FA putamen < 0.35

– 64 (vs. PD)

– 70 (MSA-P)

– FA cerebellum <
0.30

– SCP ADC >0.89 x
10-3 mm2/s

– Significant higher SCP ADC values in PSP
compared to MSA-P, PD and HC.

three regions were MSA-P cases, and
those that had both normal FA and ADC
values in the pons were all PD cases.
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– MSA-P 9 / MSA-C 12 / HC 11
– Assessment of ADC and Trace (D) values
in several ROIs (MCP, pons, anterior and
posterior PUT, entire PUT, CN, cerebellar
WM)

Pellecchia et al.
2009 [63]

136

Cohort size / Methods

– PSP 9 / CBD 11 / HC 7
– Assessment of ADCave & FA values in
several ROIs (ventrolateral (motor),
medial, anterior, and posterior regions of
the thalami, basal ganglia, fronto-orbital
white matter, cingulum, supplementary
motor area (SMA), and precentral and
postcentral gyri)

– 14 CBS, 14 PD and 14 HC
– Assessment of FA and MD values in ROIs
CC at 1.5T

– 13 PSP and 10 HC
– TBSS based analysis of FA, RD and AD
at 3.0T

– 16 MSA-C and 16 HC

– 13 PSP and 12 HC
– Tractography and assessment of FA and
ADC values in the inferior fronto-occipital
fasciculus at 3.0T

– 11 MSA (7 MSA-P, 4 MSA-C)
– Baseline and 1.0-year follow-up
assessment of the Trace(D) in various
ROIs at 1.5T

– 31 MSA (12 MSA-P, 19 MSA-C), 20 PD
and 20 HC
– Voxel-based analysis of ADCs, FA and
isotropic DWI at 1.5T

– 25 MSA (5 MSA-P, 20 MSA-C), 20 PSP, 17
PD and 18 HC
– ROI-based analysis of ADCs in midbrain,
pons, PUT, GP, CN, thalamus, SCP, MCP,
cerebellar WM, and cerebellar dentate
nucleus at 3.0T

Author, Year

Erbetta et al.
2009 [81]

Boelmans et al.
2010 [91]

Knake et al. 2010
[83]

Tha et al. 2010
[68]

Kvickström et al.
2011 [82]

Pellecchia et al.
2011 [64]

Wang et al. 2011
[66]

Tsukamoto et al.
2012 [67]

–
–
–
–
–
–
–

Significant higher ADCs in the pons, MCP, cerebellar WM, and dentate nucleus in MSA compared to PSP, PD, and HC
Significant higher ADCs in the posterior PUT in MSA compared to PSP and HC
Significant higher ADCs in the GP and midbrain in PSP compared to MSA, PD, and HC
Significant higher ADCs in the CN and SCP in PSP compared to MSA and HC
Significant higher ADCs in the entire PUT, posterior PUT, entire GP, lateral GP, and CN in MSA-P versus MSA-C
Significant higher ADCs in the pons, MCP, and cerebellar white matter in MSA-C compared to MSA-P
No significant differences in ADCs in PD compared to MSA, PSP, and HC in all regions

– Significant increased ADC values in the MCP and cerebellum in MSA-P and MSA-C compared to HC
– Significant decreased FA in the pyramidal tract, MCP, and WM of the cerebellum in MSA-C and MSA-P compared to
HC
– No significant changes in FA, ADC, or isotropic DWI values in PD compared to HC

– Significant increase of Trace(D) values in the PUT, pons, cerebellar WM, thalamus, and frontal WM between baseline
and one-year follow-up
– No correlation of UPDRS or UMSARS with Trace(D) values in any ROI

– In PSP decreased FA and increased ADC values in the frontal part of the inferior fronto-occipital fasciculus compared
with the medial and occipital parts of IFO, as well as compared to HC

– Significant FA reduction and MD elevation in supra- and infratentorial white matter structures in MSA compared to
HC
– No significant abnormalities in supratentorial WM using T2w and proton density images

– Significant increases in FA in the cerebellum , in the SCP bilaterally, in the fornix, the body of the CC and the olfactory
region in PSP compared with HC
– Significant reductions in AD in the pons, the right SN and the cerebellar WM bilaterally in PSP compared with HC
– Significant increases in RD in the SCP, the cerebellar WM, the vermis of the cerebellum, the fornix, the body of the
CC, and the olfactory region
– RD values in the SCP discriminated patients with PSP and controls with high 92% sensitivity and 100% specificity

– Significantly increased MD and decreased FA in the CC (particularly in the posterior truncus) in CBS compared to PD
– No differences between PD patients and HC
– MD bears potential for the discrimination between PD and CBS

– In PSP, ADCave values were increased in several areas: the thalamus, particularly in its anterior and medial nuclei;
cingulum; motor area; and SMA. FA values were particularly decreased in the fronto-orbital white matter, anterior
cingulum, and motor area
– In CBD, ADCave was increased in the motor thalamus, in the precentral and postcentral gyri, ipsilateral to the
affected frontoparietal cortex, and in the bilateral SMA. FA was mainly decreased in the precentral gyrus and SMA,
followed by the postcentral gyrus and cingulum
– Reduced fiber projections in the CST on the first affected side as well as in the CC, particularly in the posterior trunk,
in CBS compared to HC with significantly increased ADC and reduced FA values in these regions in CBS compared to
HC

Significant increased Trace (D) values in entire and anterior PUT in MSA-P compared to MSA-C/HC
Significant increased Trace (D) values in posterior PUT in MSA-P compared to HC
Significant increased Trace (D) values in MCP and cerebellar WM in MSA-C compared to MSA-P/HC
Significant increased pontine Trace (D) values in MSA-C compared to HC
Significant higher ADC values in the posterior compared to the anterior putamen in MSA-P and MSA-C, but not in PD
and HC
Results
Diagnosti
c predictor
– Significant correlati
on of disease duration with
cerebellar
ADC values in MSA-C and pontine ADC values in MSA-P
Sensitivity (%)
Speciﬁcity (%)
(bestADC
discriminator)
– Significant correlation of UMSAR and UPDRS with
values in posterior and entire putamen

–
–
–
–
–

– Reduced fiber projections in the CST on the first affected side as well as in the CC, particularly in the posterior trunk,
in CBS compared to HC with significantly increased ADC and reduced FA values in these regions in CBS compared to
HC
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(cont. table 2)

– CBS 10 / HC 10
– Application of fiber tractography and DTI
to analyze the axonal integrity of white
matter projections, namely corticospinal
tract (CST) and corpus callosum (CC)

Boelmans et al.
2009 [88]

Clinical Application of Brain MRI in Parkinsonism

=
=
=
=

FA
RD
AD
R2*

–
–
–
–
–
–
–
S/FC ratio = Activity ratios of striatal to frontal cortex uptake
IBZM
= [123I]iodobenzamide
H/M ratio = Activity ration of heart to mediastinum uptake for cardiac MIBG
(meta-iodobenzylguanidin) scintigraphy
SN
= Substantia nigra
GP
= Globus pallidus
CN
= Caudate nucleus
PUT
= Putamen
ICP
= Inferior cerebellar peduncle
MCP
= Middle cerebellar peduncle
SCP
= Superior cerebellar peduncle
CC
= Corpus callosum
WM
= White matter
GM
= Gray matter
SMA
= Secondary motor area
UPDRS
= Unified PD Rating Scale
UMSARS = Unified MSA Rating Scale
H&Y
= Hoehn and Yahr stage
UPSIT
= University of Pennsylvania Smell Identification Test

Significant higher ADCs in the pons, MCP, cerebellar WM, and dentate nucleus in MSA compared to PSP, PD, and HC
Significant higher ADCs in the posterior PUT in MSA compared to PSP and HC
Significant higher ADCs in the GP and midbrain in PSP compared to MSA, PD, and HC
Significant higher ADCs in the CN and SCP in PSP compared to MSA and HC
Significant higher ADCs in the entire PUT, posterior PUT, entire GP, lateral GP, and CN in MSA-P versus MSA-C
Significant higher ADCs in the pons, MCP, and cerebellar white matter in MSA-C compared to MSA-P
No significant differences in ADCs in PD compared to MSA, PSP, and HC in all regions

– Significant increased ADC values in the MCP and cerebellum in MSA-P and MSA-C compared to HC
– Significant decreased FA in the pyramidal tract, MCP, and WM of the cerebellum in MSA-C and MSA-P compared to
HC
– No significant changes in FA, ADC, or isotropic DWI values in PD compared to HC

and one-year follow-up
– No correlation of UPDRS or UMSARS with Trace(D) values in any ROI

Multiple system atrophy
Parkinson variant of MSA
Parkinson’s disease
Progressive supranuclear palsy
Corticobasal syndrome
Healthy controls
Parkinson’s disease dementia
Mild cognitive impairment
Essential tremor
Apparent diffusion coefficient – in the studies by Schocke et al. 2002,
Seppi et al. 2003, Seppi et al. 2004 and Kanazawa et al. 2004 measured
in z-slice direction only, in the other studies ADCs were averaged (ADCave)
over three orthogonal measurements, thus representing the trace of the
diffusion tensor (Trace(D)) or mean diffusivity (MD)
Fractional anisotropy
Radial diffusivity
Axial diffusivity
Proton transverse relaxation rate (R2* = 1/T2*, reflecting increased
tissue iron content)

– 25 MSA (5 MSA-P, 20 MSA-C), 20 PSP, 17
PD and 18 HC
– ROI-based analysis of ADCs in midbrain,
pons, PUT, GP, CN, thalamus, SCP, MCP,
cerebellar WM, and cerebellar dentate
nucleus at 3.0T

Tsukamoto et al.
2012 [67]

=
=
=
=
=
=
=
=
=
=

– 31 MSA (12 MSA-P, 19 MSA-C), 20 PD
and 20 HC
– Voxel-based analysis of ADCs, FA and
isotropic DWI at 1.5T

Wang et al. 2011
[66]

MSA
MSA-P
PD
PSP
CBS
HC
PDD
MCI
ET
ADC

– Baseline and 1.0-year follow-up
assessment of the Trace(D) in various
ROIs at 1.5T

2011 [64]

Diffusion MRI in Parkinson’s disease and atypical parkinsonism:
a review of literature
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Abstract
— Objective
To evaluate whether the diagnostic accuracy of 3 Tesla brain MRI is improved by region-of-interest
(ROI) measures of diffusion-tensor-imaging (DTI) to differentiate between neurodegenerative
atypical parkinsonism (AP) and Parkinson’s disease (PD) in early stage parkinsonism.
— Material and methods
We performed a prospective observational cohort study of sixty patients with early stage
parkinsonism and initial uncertain diagnosis. At baseline, patients underwent a 3 Tesla brain
MRI including DTI. After clinical follow-up (mean 28.3 months), diagnoses could be made in 49
patients (30-PD and 19-AP). Conventional brain MRI was evaluated for regions of atrophy and
signal intensity changes. Tract-Based-Spatial-Statistics and ROI analyses of DTI were performed to
analyze group differences in mean diffusivity (MD) and fractional anisotropy (FA), and diagnostic
thresholds were determined. Diagnostic accuracy of conventional brain MRI and DTI was assessed
with the receiver-operating characteristic (ROC).
— Results
Significantly higher MD of the centrum semiovale, body corpus callosum, putamen, external
capsule, midbrain, superior cerebellum and superior cerebellar peduncles was found in AP.
Significantly increased MD of the putamen was found in multiple system atrophy-parkinsonian
form (MSA-P), and increased MD in the midbrain and superior cerebellar peduncles in progressive
supranuclear palsy (PSP). The diagnostic accuracy of brain MRI to identify AP as a group was not
improved by ROI measures of MD, though the diagnostic accuracy to identify MSA-P was slightly
increased (AUC 0.82 to 0.85).
— Conclusion
The diagnostic accuracy of brain MRI to identify AP as a group was not improved by the current
analysis approach to DTI, though DTI measures could be of added value to identify AP subgroups.

9
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Introduction
Brain MRI is commonly performed in the diagnostic work-up of parkinsonism. The main purpose
of this study is to assess cerebrovascular damage for the diagnosis of vascular parkinsonism and
to exclude other possible but more rare causes of parkinsonism (e.g. multiple sclerosis). It can
also show abnormalities which are suggestive of neurodegenerative atypical parkinsonism (AP)1-3.
Examples include atrophy and T2 hypo-intensity of the putamen, which can be seen in the parkinsonian form of multiple system atrophy (MSA-P), while signal intensity changes of the pons (‘hot
cross bun’ sign) or pontocerebellar atrophy can point to the cerebellar form of MSA (MSA-C).
Atrophy of the midbrain (‘hummingbird’ sign) or signal intensity changes in the superior cerebellar
peduncles are suggestive of progressive supranuclear palsy (PSP). Asymmetrical cortical atrophy is
the hallmark of corticobasal degeneration (CBD). Conventional brain MRI is usually normal or will
show age-related changes in early stage Parkinson’s disease (PD), which is the most frequent cause
of parkinsonism4. Later on, cortical atrophy of the frontal or temporal lobe can be seen in PD.
Although certainty about the diagnosis increases during clinical follow-up, the aim of ancillary investigations is to increase certainty about the diagnosis in early disease stages, which is
important for adequate patient counseling and to some extent also treatment5. It has been shown
that the added value of conventional brain MRI in the diagnostic work-up of parkinsonism is
highest in case there is uncertainty about the diagnosis6.
In recent years new MRI techniques have become available for clinical practice, including diffusion
weighted imaging (DWI) and diffusion tensor imaging (DTI). Diffusion MRI quantifies the random
movement of water molecules and seems to represent a quantitative measure of microstructural
changes in neurodegenerative pathology, even when no abnormalities are seen on conventional
MRI sequences. While fractional anisotropy (FA) estimates the degree of anisotropy, i.e. restriction of the random motion of water molecules by the normal architecture of glial tissue and fiber
tracts, mean diffusivity (MD) is an averaged measure of diffusivity. Loss of microstructural integrity
of brain tissue is commonly reflected by a decrease in FA and an increase in MD. Two main quantitative analyses for diffusion MRI include the region-of-interest (ROI) method and the automated
voxel-based-methods. Tract-based spatial statistics (TBSS) is an example of automated voxel-based
method. These two approaches yield complementary results but each method has its drawbacks
and does not completely reflect ongoing changes7.
Different patterns of microstructural changes can be identified by DTI in PD and the different
forms of AP, which seem to correlate with known histopathologic changes in these diseases8-10.
Examples include increase in MD and decrease in FA of the putamen or pontocerebellar structures
in MSA and diffusional changes of the midbrain and superior cerebellar peduncles in PSP.
Despite of the positive study results, actual application of quantitative DTI in clinical practice
is limited because validated diagnostic criteria are generally lacking and no clear guidelines are
available how to interpret quantitative diffusional data of the individual patient. Also, few studies
evaluated brain MRI and DTI in early disease stages where the added value of brain MRI is most
clinically relevant11,12.  
Our study objective was to evaluate whether ROI measures of DTI improve the diagnostic
accuracy of conventional 3 Tesla brain MRI in the diagnostic work-up of early stage parkinsonism,
to differentiate between Parkinson’s disease and neurodegenerative atypical parkinsonism.

9

141

Clinical Application of Brain MRI in Parkinsonism

Material and methods
— Study group
We performed a prospective observational cohort study of sixty patients presenting with parkinsonism. Patients were consecutively recruited at our outpatient movement disorder clinic in the
period 2010-2012. Study inclusion criteria were: clinical signs and symptoms of parkinsonism
(hypokinetic-rigid syndrome of neurodegenerative origin), with an uncertain clinical diagnosis
and disease duration less than 3 years. Exclusion criteria were: age below 18, prior brain surgery,
presence of other neurological diseases and instable co-morbidity. The medical ethics committee
of our hospital approved the study and all participants gave written informed consent.
— Study design
Clinical examination of all patients was performed at baseline by an experienced physician (MA,
AR) and included standardized history taking and neurological examination. Cardiovascular risk
factors, activities in daily living, medication use (including response to anti-parkinsonian medication), disease onset, clinical signs, most affected body site, balance and fear of falling were
assessed. Clinical neurological scores were applied, including the Non Motor Symptom Scale
(NMSS)13, Unified Parkinson’s Disease Rating Scale (UPDRS-III) for evaluating severity of motor
symptoms14, the Mini-Mental State Examination (MMSE) to evaluate global cognitive status15 and
Hoehn and Yahr staging scale (H&Y) for assessing disease severity16.  
At baseline all patients had a brain MRI. After clinical follow-up, final diagnoses could be made
by two experienced clinicians (AR, RE) according to international diagnostic criteria17-23 based on
neurological signs that developed during the course of the disease (as identified during repeat
neurological exams), rate of disease progression and treatment response. Using these ”silver
standard” diagnoses, the ability of brain MRI and DTI to differentiate between PD and AP was
evaluated.
9
— Brain MRI scanning protocol
All patients had a 3 Tesla brain MRI study (Magnetom Trio, Siemens, Erlangen, Germany).
Total acquisition time was 42 minutes, and included a 7 minutes 24 seconds DTI acquisition. A
12-channel receive-only phased-array head coil was used. Conventional brain MRI included: 3D
T1 MP RAGE (TR/TE=2300/4.71 ms, Flip angle= 12°, voxel size 1x1x1 mm, FOV=256mm), T2 TSE
(TR/TE=5830/120 ms, Flip angle= 120°, voxel size 0.6x0.6x3 mm, FOV=240 mm), T2 FLAIR (TR/
TE=9000/86 ms, Flip angle= 150°, voxel size 0.7x0.6x5 mm, FOV=240 mm), proton density (TR/
TE=2000/20 ms, Flip angle= 90°, voxel size 0.9x0.9x3 mm, FOV=240 mm) and DWI (TR/TE=3900/89
ms, b0 and 1000 s/mm2, Flip angle=90°, voxel size 1.3x1.3x5 mm, FOV=240 mm) sequences. Details
of the DTI sequence were as follows: single shot spin-echo EPI, b values 0 and 1000 s/mm2, TR/
TE=13000/102 ms, number of encoding directions=30, FOV=240 mm, voxel size 2x2x2 mm.
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Table 1 Patient characteristics
PD (n=30)

AP (n=19)

p-value

61.9 (8.1)

65.5 (7.6)

ns

17:13

8:11

ns

Disease duration (months)

21.6 (11.9)

28.4 (11.1)

p = 0.008

UPDRS-III

31.6 (10.2)

43.5 (11.4)

p < 0.001

Age (years)
Sex (M:F)

H&Y

1.7 (0.7)

2.4 (0.6)

p = 0.001

MMSE

28.4 (1.7)

28.1 (1.6)

ns

Note:
ns

Mean or number (standard deviation). Student’s t-test applied to test for group differences.
= Not statistically significant

MNI z -0

Figure 1

MNI z -4

MNI z -20

9

Regions-of-interest placed in the bilateral putamen (left), midbrain (middle)
and superior cerebellar peduncles (right). Mean MD and FA of these ROI’s
were calculated.

— Imaging analysis
Two neuroradiologist (FJAM, five years of experience and BG, thirty years of experience) evaluated
abnormalities on conventional brain MRI studies in a standardized manner, blinded to clinical
information2,3,6,24.
Atrophy and T2 hypo-intensity of the putamen, putaminal rim sign, pontine atrophy, hot cross
bun sign, cerebellar atrophy, T2 hyper-intensity and atrophy of the middle cerebellar peduncle
(MCP) were scored as indicators of MSA. Midbrain atrophy, hummingbird sign, reduced AP
midbrain diameter <14 mm were scored as indicators of PSP. Cortical atrophy, third and lateral
ventricle dilatation were scored as indicators for either CBD or LBD. Furthermore, white matter T2
hyper-intensity changes and the presence of infarction were scored.
The in-house developed algorithm named ‘PATCH’25 was employed to the raw DTI data to
detect and correct head and cardiac motion artifacts and eddy currents using an iteratively
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re-weighted-least-squares algorithm. Corrections of eddy current and motion artifacts were
performed simultaneously.
First, a TBSS analysis was performed. FA and MD were calculated using DTIFit within the
FSL toolbox (Functional MR Imaging of the Brain Software Library, University of Oxford, United
Kingdom; http://www.fmrib.ox.ac.uk/fsl/), which were fed into the TBSS pipeline. This pipeline
includes the thinning procedure using the mean FA image to create a common skeleton, which
represents the core-structure of the white matter tract. The FA threshold value of 0.2 was applied
to include major white matter tracts. These projection vectors were then applied to MD.
Next, a ROI analysis was performed. DTI data were normalized to the MNI space using
non-linear registration with SPM (Statistical Parametric Mapping, Trust Centre of Neuroimaging,
London, United Kingdom; http://www.fil.ion.ucl.ac.uk/spm/). All images and maps were visually
inspected for error or mismatch. Using the FMRIB58_FA standard-space FA template, 16 mm2 ROI’s
were placed in the following gray and white matter structures, which are known to be affected in
the different disease entities: bilateral midbrain at the level of the substantia nigra (MNI coordinates 6 and -6, -14, -4), thalamus (10 and -10, -20, 0), putamen (28 and -28, -1,0), caudate nucleus
(12 and -12,18,0), globus pallidus (16 and -16, 2, -2), superior cerebellar peduncle (SCP) (6 and
-6, -36, -20), middle cerebellar peduncle (MCP) (20 and -20, -42,-34), dentate nucleus (14 and
-14, -56,-30) and the pons (0, -28, -32) (figure 1). Matlab (MathWorks, Natick, MA) was used to
calculate MD and FA values of these ROI’s. ROI placement was visually checked in correlation with
conventional brain MRI for each dataset, and corrected if necessary.
— Statistical analyses
TBSS analysis: a two-sample t-test using permutation-based statistical interference as a part of FSL
toolbox (‘randomise’) was performed with 5000 permutation sets, corrected for multiple comparisons across space using the threshold-free cluster enhancement to compare MD and FA of PD with
AP and PD with AP subgroups.
ROI analysis: mean MD and FA values of the different ROI’s were calculated for each disease
group and one-way ANOVA, corrected for multiple comparisons with a Bonferroni correction, was
performed to analyze group differences. A p-value below 0.05 was considered statistically significant. Threshold values of MD or FA were chosen based on optimal sensitivity and specificity to
discriminate AP from PD using receiver-operating characteristic (ROC) analyses. The summation of
DTI measures above defined thresholds was used to evaluate the diagnostic performance of DTI.
Inter-rater variability of the abnormalities scored on conventional brain MRI was analyzed with
the use of Cohen’s kappa co-efficient, defined as: <0.20 poor agreement; 0.21-0.4 fair agreement;
0.41-0.60 moderate agreement; 0.61-0.80 good agreement; > 0.80 perfect agreement. Diagnostic
performance of brain MRI was assessed based on the summation of all abnormal findings. The ROC
was used to evaluate the discriminative power of brain MRI alone and combined with selected DTI
ROI measures.
All statistical analyses were performed with SPSS (IBM SPSS statistics 20).

9
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Results
— Study group
After clinical follow-up (mean 28.3 ± 8.8 months), probable diagnoses of PD or AP could be made in
49 of the 60 patients: 30 patients were diagnosed with PD and 19 patients with AP. Eleven patients
had to be excluded from the analyses for the following reasons: brain MRI with severe artifacts
(n=2), uncertain diagnosis (n=6), diagnosis other than PD or AP (n=2), diagnosis of vascular parkinsonism (n=1). Vascular parkinsonism was excluded because our primary interest was neurodegenerative atypical parkinsonism.
Mean duration of follow-up was longer for PD patients (31.2 ± 6 months) than for AP (23.7
± 10 months). The group of AP included 12 patients diagnosed MSA-P, 3 patients PSP, 3 patients
DLB and 1 patient CBD. In comparison to PD, the group of AP had a statistically significant longer
disease duration (mean 28.4 versus 21.6 months), higher scores of disease severity (H&Y mean
score of 2.4 versus 1.7) and severity of motor symptoms (UPDRS-III mean score of 43.5 versus 31.6).
Demographic data are summarized in Table 1.
— DTI analyses: Tract-Based Spatial Statistics
Results of TBSS analyses to compare AP (n=19) with PD (n=29) and to compare MSA-P and DLB
with PD are shown in Figure 2. One patient diagnosed with PD had to be excluded because normalization of DTI to the MNI space failed.
A symmetric pattern of bilateral higher MD of the following white matter structures was found for
AP in comparison to PD patients (statistically significant, p<0.05): centrum semiovale, body corpus
callosum, external capsule and superior part of the cerebellum. In addition, the subcortical white
matter of the left superior frontal gyrus showed significantly higher MD for AP in comparison to PD
subjects. Significantly lower FA of the centrum semiovale was found for AP, predominantly on the
left side. The other brain structures did not show significant differences in FA between PD and AP.
In a TBSS comparison between MSA-P and PD, MD of the putamen and external capsule on the
left side, and the superior part of the cerebellar vermis proved to be statistically significant higher
in MSA-P (p<0.05). A part of the left external capsule demonstrated significantly lower FA in MSA-P
in comparison to PD. Near statistically significant higher MD of the right putamen and external
capsule was observed in MSA-P (p<0.1).
Higher MD and lower FA of the anterior part of the centrum semiovale and genu corpus
callosum on the left side was found for DLB in comparison to PD, though this difference was not
statically significant (p<0.1).
TBSS to compare PSP with PD did not show differences in MD or FA, especially no differences in
diffusivity were demonstrated in the superior cerebellar peduncles for PSP.

9

— Region-of-interest analyses
Mean MD and FA measures of the all brain structures for the different diseases evaluated in our
study are provided in Table 2. MD values of the putamen were significantly higher for MSA-P in
comparison to PD, but also higher than the other forms of AP (though not reaching statistical
significance). MD values of the left SCP were significantly higher in MSA-P in comparison to PD but
comparable to PSP and DLB. In PSP, significantly higher MD values of the midbrain and right SCP
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were observed in comparison to the other diseases. No diffusional changes were observed for PD
or DLB in comparison to the other diseases.
Figure 3 shows box-plots of the distribution of MD values for the different diseases. Based
on additional ROC analyses to determine optimal sensitivity and specificity, threshold MD values
were determined to discriminate AP from PD: MD value of 0.9x10-3 mm2/sec for the putamen
and midbrain, and 1.1x10-3 mm2/sec for the SCP. Subjects with MD values above one of these
thresholds consisted mainly of patients diagnosed with AP. The MD cut-off thresholds for these
structures were applied to our cohort and the summation of results was used for the evaluation of
the diagnostic accuracy of DTI to identify AP.
— Diagnostic accuracy of brain MRI and DTI
Abnormalities scored on conventional brain MRI are summarized in Table 3. As described earlier,
the putaminal rim sign noted on 3 Tesla brain MRI is a normal finding and not indicative of AP26.
In our study, we confirm that this finding has no diagnostic value in the identification of MSA-P
(sensitivity 33%, specificity 51%) or AP (sensitivity 37% and specificity 50%). This was the reason
that we did not include the putaminal rim sign in our analysis to evaluate the performance of
conventional brain MRI.
Atrophy and T2 hypo-intensity of the putamen, the hummingbird sign and lateral ventricle
dilatation proved to have perfect inter-rater agreement (kappa > 0.92). Inter-rater agreement was
good for T2 hyper-intensity changes of the middle cerebellar peduncle, cortical atrophy and third
ventricle dilatation (kappa 0.62-0.73) while inter-rater agreement was moderate for atrophy of the
pons and cerebellum (kappa 0.46-0.48).
The diagnostic accuracy of brain MRI to identify AP resulted in an AUC of 0.82 (95% CI 0.69-0.94)
and for DTI in an AUC of 0.75 (95% CI 0.61-0.90), as demonstrated in Figure 4. The combination
of brain MRI and DTI resulted in an AUC of 0.83 (95% CI 0.70-0.95). DTI therefore did not significantly improve the diagnostic accuracy of brain MRI to differentiate the group of AP from PD.
Abnormalities on brain MRI considered to be specific for MSA-P resulted in an AUC of 0.82 (95%
CI 0.69-0.96) to identify MSA-P. The AUC was slightly increased to 0.85 (95% CI 0.71-0.98) when
combined with MD of the putamen.

9
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AP versus PD

(p < 0.05)

FA

MD

MSA-P versus PD

(p < 0.05)

FA

MD

DLB versus PD

(p < 0.1)

FA

9
MD

Figure 1

Tract-based spatial statistics (TBSS) analyses of atypical parkinsonism with Parkinson’s
disease, and atypical parkinsonism (AP) subgroups with Parkinson’s disease (PD).

TBSS comparison of AP (n=19) with PD (n=29). Brain regions with statistically significant
lower FA and higher MD in AP in comparison to PD (p<0.05).
middle row TBSS comparison of MSA-P (n=12) with PD (n=29). MD of the left putamen and external
capsule, and superior part of the cerebellar vermis proved to be statistically significant
higher for MSA-P in comparison to PD (p<0.05). A part of the left external capsule
demonstrated significantly lower FA in MSA-P.
lower row TBSS comparison of DLB (n=3) with PD (n=29). No statistically significant differences
were demonstrated, while at a p-value of <0.1 lower FA and higher MD in the left
frontal lobe is seen for DLB in comparison PD.
No differences were demonstrated in a TBSS comparison between PSP and PD.
upper row

Lower values
Higher values
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0.77 (0.16)

0.43 (0.07)

0.93 (0.21)

0.37 (0.07)

0.76 (0.14)

0.46 (0.09)

0.72 (0.11)

0.49 (0.08)

0.77 (0.23)

0.54 (0.11)

0.76 (0.23)

0.56 (0.11)

0.71 (0.06)

0.53 (0.06)

0.70 (0.08)

0.50 (0.06)

0.71 (0.10)

0.54 (0.07)

0.72 (0.12)

0.56 (0.08)

Caudate right MD

Caudate right FA

Caudate left MD

Caudate left FA

Putamen right MD*

Putamen right FA

Putamen left MD*

Putamen left FA

GP right MD

GP right FA

GP left MD

GP left FA

Thalamus right MD

Thalamus right FA

Thalamus left MD

Thalamus left FA

Midbrain right MD*

Midbrain right FA

Midbrain left MD*

Midbrain left FA

PD
(n=30)

0.52 (0.8)

0.86 (0.17)

0.56 (0.05)

0.75 (0.13)

0.50 (0.08)

0.71 (0.09)

0.53 (0.08)

0.76 (0.12)

0.54 (0.11)

0.55 (0.09)

0.54 (0.11)

0.79 (0.23)

0.46 (0.09)

0.82 (0.18)

0.44 (0.13)

0.87 (0.21)

0.39 (0.07)

0.95 (0.25)

0.47 (0.09)

0.73 (0.18)

AP
(n=18)

0.55 (0.08)

0.81 (0.11)

0.57 (0.06)

0.71 (0.13)

0.49 (0.09)

0.71 (0.10)

0.53 (0.10)

0.76 (0.14)

0.53 (0.11)

0.83 (0.25)

0.56 (0.09)

0.75 (0.22)

0.43 (0.10)

0.87 (0.20)

0.41 (0.15)

0.92 (0.22)

0.43 (0.06)

0.86 (0.22)

0.50 (0.11)

0.66 (0.17)

MSA-P
(n=12)

PSP
(n=3)

0.44 (0.01)

1.15 (0.11)

0.52 (0.01)

0.92 (0.04)

0.54 (0.03)

0.72 (0.10)

0.57 (0.05)

0.73 (0.08)

0.61 (0.05)

0.65 (0.05)

0.56 (0.02)

0.84 (0.07)

0.50 (0.03)

0.77 (0.04)

0.49 (0.10)

0.76 (0.16)

0.30 (0.05)

1.24 (0.18)

0.42 (0.03)

0.94 (0.06)

Table 2 ROI measures of MD and FA in Parkinson’s disease and atypical parkinsonism

0.50 (0.08)

0.77 (0.10)

0.56 (0.02)

0.73 (0.06)

0.53 (0.05)

0.70 (0.05)

0.51 (0.06)

0.77 (0.11)

0.52 (0.14)

0.86 (0.32)

0.53 (0.16)

0.93 (0.36)

0.54 (0.06)

0.66 (0.09)

0.50 (0.05)

0.79 (0.18)

0.37 (0.09)

1.10 (0.25)

0.44 (0.03)

0.82 (0.11)

DLB
(n=3)

PSP vs DLB
p=0.002

PSP vs MSA
p<0.001

PSP vs PD
p<0.001

PSP vs MSA
p=0.022

PSP vs PD
p=0.011

MSA vs PD
p=0.01

MSA vs PD
p=0.032

p-value
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0.72 (0.12)

0.56 (0.08)

0.75 (0.12)

0.52 (0.07)

0.91 (0.15)

0.70 (0.07)

0.86 (0.10)

0.69 (0.08)

0.64 (0.07)

0.72 (0.06)

0.65 (0.05)

0.71 (0.06)

0.73 (0.10)

0.54 (0.07)

0.71 (0.09)

0.52 (0.06)

Midbrain left MD*

Midbrain left FA

Pons MD

Pons FA

SCP right MD*

SCP right FA

SCP left MD*

SCP left FA

MCP right MD

MCP right FA

MCP left MD

MCP left FA

Dentate right MD

Dentate right FA

Dentate left MD

Dentate left FA

PD
AP
MSA-P
PSP
DLB
CBD
GP
MCP

0.52 (0.06)

0.70 (0.14)

0.51 (0.07)

0.76 (0.13)

0.70 (0.07)

0.66 (0.09)

0.68 (0.08)

0.66 (0.08)

0.66 (0.11)

0.99 (0.19)

0.65 (0.10)

1.04 (0.23)

0.54 (0.08)

0.72 (0.13)

0.52 (0.8)

0.86 (0.17)

0.56 (0.05)

0.75 (0.13)

0.92 (0.04)

0.52 (0.01)

1.15 (0.11)

0.44 (0.01)
0.73 (0.05)
0.55 (0.06)

1.32 (0.01)

0.58 (0.02)
0.97 (0.07)
0.66 (0.06)
0.67 (0.03)
0.69 (0.04)
0.66 (0.08)
0.76 (0.05)
0.83 (0.10)
0.47 (0.06)
0.72 (0.01)
0.50 (0.02)

0.71 (0.13)

0.57 (0.06)

0.81 (0.11)

0.55 (0.08)
0.69 (0.15)
0.55 (0.09)

0.96 (0.23)

0.67 (0.12)
1.01 (0.21)
0.65 (0.12)
0.64 (0.10)
0.70 (0.09)
0.68 (0.09)
0.69 (0.07)
0.72 (0.10)
0.53 (0.07)
0.68 (0.18)
0.54 (0.06)

0.49 (0.05)

0.74 (0.04)

0.48 (0.08)

0.88 (0.21)

0.70 (0.09)

0.61 (0.11)

0.63 (0.06)

0.68 (0.06)

0.71 (0.07)

0.92 (0.18)

0.65 (0.09)

1.04 (0.11)

0.51 (0.11)

0.79 (0.12)

0.50 (0.08)

0.77 (0.10)

0.56 (0.02)

0.73 (0.06)

Mean (Standard deviation) MD (x 10-3 mm2/sec) and FA values of ROI in different brain structures for PD, MSA-P, PSP and DLB.
One-way ANOVA (corrected for multiple comparisons with a Bonferroni correction) to analyze group differences
(*p-value below 0.05 considered statistically significant).
= Parkinson’s disease
= Neurodegenerative atypical parkinsonism
= Multiple System Atrophy – parkinsonian form
= Progressive Supranuclear Palsy
= Dementia with Lewy Bodies
= Corticobasal degeneration
= Globus pallidus
= Middle cerebellar peduncle

0.54 (0.07)

Midbrain right FA

Note:

0.71 (0.10)

Midbrain right MD*

MSA vs PD
p=0.018

PSP vs MSA
p=0.011

PSP vs PD
p=0.001

PSP vs DLB
p=0.002

PSP vs MSA
p<0.001

PSP vs PD
p<0.001

PSP vs MSA
p=0.022

PSP vs PD
p=0.011
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(cont. table 2)
Note:

Mean (Standard deviation) MD (x 10-3 mm2/sec) and FA values of ROI in different brain structures for PD,
MSA-P, PSP and DLB. One-way ANOVA (corrected for multiple comparisons with a Bonferroni correction)
to analyze group differences (*p-value below 0.05 considered statistically significant).

PD
AP
MSA-P
PSP
DLB
GP
MCP
SCP
MD
FA

=
=
=
=
=
=
=
=
=
=

Parkinson’s disease
Neurodegenerative atypical parkinsonism
Multiple System Atrophy – parkinsonian form
Progressive Supranuclear Palsy
Dementia with Lewy Bodies
Globus pallidus
Middle cerebellar peduncle
Superior cerebellar peduncle
Mean diffusivity
Fractional anisotropy

Discussion
We evaluated the diagnostic accuracy of 3 Tesla brain MRI and DTI to differentiate AP from PD in
early stage parkinsonism. Unlike previous studies, we evaluated brain MRI performed at baseline
in a cohort of patients with initial uncertain clinical diagnosis. TBSS demonstrated higher MD of
the centrum semiovale, external capsule, putamen and superior cerebellum in AP in comparison
to PD. FA of the centrum semiovale was significantly lower in AP. This pattern of differences in
diffusivity probably represents the summation of microstructural changes of different disease
entities in the AP group. In MSA-P, MD of the left putamen, left external capsule and superior
part of the cerebellar vermis proved to be statistically significant higher in comparison to PD, with
lower FA in a part of the left external capsule.
Results of the TBSS and the ROI methods showed some discrepancies, such as significantly
higher MD values of the SCP and midbrain in PSP demonstrated with the ROI method but not
confirmed by TBSS. For other brain structures, results were in accordance such as higher MD of
the putamen in MSA-P. Results of these two methods were therefore considered complementary
rather than contradictory.
The diagnostic accuracy of brain MRI to identify AP as a group was not improved when
combined with the ROI measurements of MD in the putamen, midbrain and SCP, although the
AUC was slightly increased when evaluating the diagnostic accuracy to identify the subgroup of
MSA-P. Disease specific diagnostic measures of DTI probably give a better estimation of the diagnostic accuracy rather grouping all the different forms of AP together. This is illustrated by our ROI
analyses where differences in MD of the putamen or midbrain can be identified in MSA-P or PSP,
while the averaged MD for AP as a group does not statistically differ from PD.

9

We found significantly increased putaminal MD values for MSA-P in comparison to PD. Diffusional
changes of the putamen in MSA correspond to known underlying neuropathologic changes in
the nigrostriatal system, with more severe involvement of the posterior part of the putamen
compared to its anterior part in MSA-P, as has been reported in previous studies28-33. The chosen
putaminal MD cut-off threshold of 0.9x10-3 mm2/s is in accordance with other studies32,33.
Increased MD values in the midbrain, and SCP in PSP as compared to both MSA and PD, as we
found, have also been reported previously27,34-37. Histopathologic changes in PSP include damage
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in the cerebellar dentate nucleus and its projection fibers in the SCP38. The clinical significance of
damage to the SCP in PSP was found uncertain, and degeneration of the SCP appears unrelated to
disease duration or typical clinical findings such as gaze palsy and postural instability39. It has been
reported that midbrain diffusional changes in PSP seem to correlate with disease progression40,
while in our study this was observed already in early disease stages.
We did not find altered diffusional measures in subcortical gray matter structures in DLB.
Possibly, white matter structures in the left frontal lobe and corpus callosum could be affected in
DLB, though the difference in MD and FA values between PD and DLB found by our TBSS analyses
were not statistically significant. There is a debate whether DLB and dementia in PD (PDD) are the
same disease entities41. Subtle cognitive deficits indicating frontal lobe dysfunction are common
in early stage PD, while PDD frequently occurs in late stages. Contradictory study results have
been published for DTI studies comparing DLB with PDD42-45, though these discrepancies could
be attributed to differences in scanning protocols and MRI field strengths. It remains to be determined whether DTI could provide diagnostic markers to identify DLB.
As many studies on DTI in parkinsonism focused on group analyses and evaluating patients in
advanced disease stages10, the challenge now lies in clinical application of quantitative DTI in
the diagnostic work-up of an individual patient presenting with parkinsonism. A major advantage of TBSS over the ROI method is that it enables a hypothesis-free analysis of whole brain DTI.
Although effects of misalignment due to registration and smoothing are limited, TBSS is criticized
for problems with the required registration process and less reliable estimation of the diffusivity
at multiple fiber orientation, such as crossing fibers. Drawbacks of TBSS are that it is only suited
for the evaluation of major white matter tracts and not for gray matter structures, and diagnostic
criteria for clinical use are not readily provided which hinders the evaluation of an individual
patient. Quantitative measures of diffusivity of an individual patient can easily be performed with
the ROI method, but for use in clinical practice validated diagnostic criteria should be applied.
Error correction and standardized ROI placement is warranted for reliable and reproducible quantitative DTI analysis and this should not be cumbersome. Only few studies evaluated DTI in relation
to conventional brain MRI or other advanced MRI techniques. Focke et al. studied DTI in relation
to R2* and based on their results R2* seems to be of value for the diagnosis of MSA and DTI for
the diagnosis of PSP27.

9

Although diffusional changes are considered to represent a quantitative measure of neurodegenerative changes in the brain, changes are notoriously difficult to interpret due to an insufficient
understanding of the structural underpinnings of these changes. For example, it can be debated
whether diffusional changes are the representation of the primary pathologic process, the result
of a secondary consequence or age-related diffusional changes46. Diffusion MRI has been used to
get a better understanding of specific non-motor signs of PD such as hyposmia and depression47-50,
but those probably represent a secondary consequence. Previous study results are conflicting
whether or not levadopa treatment would be of influence on changes in diffusivity of different
brain structures. One study reported significant differences in putaminal ADC values between PD
patients on levodopa treatment and matched untreated patients51, and they suggested that these
differences could be attributed to the use of levodopa. However, other studies found no effect of
levodopa treatment on FA or ADC values52,53.
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The complexity of interpreting diffusional changes is illustrated by two recently published
systematic reviews, which differed in their conclusion whether DTI of the substantia nigra can
be used as a diagnostic marker for PD8,9. Cochrane et al. found highly significant PD induced FA
reduction in the substantia nigra8. On the contrary, Schwarz et al. concluded that there is insufficient evidence for nigral DTI measures to serve as a useful diagnostic marker of PD at this point in
time9. Differences in studies included in these two meta-analyses as well as a variation of extracted
values from included studies could explain their contradicting conclusions. In our study, FA and
MD values of the midbrain in PD were comparable to MSA-P and DLB, and in our TBSS analysis,
no PD specific DTI changes could be demonstrated. It remains a debate whether or not DTI would
provide a new diagnostic measure for clinical use to identify PD in the early disease stages.
There are some limitations to our study. First, our study population was relatively small, especially
in relation to the number of different MRI parameters studied. It consisted of patients presenting
with predominantly hypo-kinetic symptoms and uncertain clinical diagnosis, probably explaining
the majority of AP patients diagnosed with MSA-P and the low prevalence of other forms of neurodegenerative AP. It has been demonstrated that the added value of brain MRI in the diagnostic
work-up of parkinsonism is highest for those patients where the baseline certainty about the diagnosis is lowest6. Based on initial clinical evaluation, patients with probable diagnoses of PSP, DLB,
CBS and vascular parkinsonism were excluded from the study. The classic phenotype of PSP, now
called Richardson’s syndrome, is characterized by early onset postural instability and falls, supranuclear gaze palsy, and cognitive dysfunction54. It is the parkinsonism form of PSP, dominated by
asymmetric onset, tremor, and moderate initial therapeutic response to levodopa, which renders
the differentiation with PD difficult55. The same accounts for corticobasal syndrome, which is
suspected when cortical dysfunction is prominent (e.g. alien limb phenomenon, cognitive decline,
or behavioral abnormalities), while the differentiation with PD can be difficult in case of presence
of asymmetric parkinsonism and rigidity56,57. Clinical presentation of vascular parkinsonism usually
includes postural instability and falls, rather than upper limb rest tremor or bradykinesia58. As a
consequence of our inclusion, our study is underpowered to draw definite conclusions whether
DTI is of added value for the diagnosis of separate AP subgroups. On the other side, prevalence
of less frequent diseases does reflect clinical practice and illustrates the challenges for ancillary
investigations to identify more rare causes of parkinsonism. The new element of our study is that
we evaluated whether DTI improves the diagnostic accuracy of brain MRI to identify AP as a group
in case of uncertainty about the clinical diagnosis, where it is of the most clinical relevance. Our
patient cohort did not include patients diagnosed with MSA-C (clinical presentation distinct from
PD and MSA-P with predominant cerebellar symptoms), which could explain that no significant
diffusion differences of the MCP and pons were found in MSA-P, although diffusional changes
in these structures have also been reported in MSA-P32,33,59. Although vascular parkinsonism was
beyond the scope of our study, DTI could be of value for the diagnosis of vascular parkinsonism60,61.
Further studies are warranted and should include a larger sample size to evaluate the additional
value of DTI for improved differentiation between the various atypical parkinsonism subtypes in
the early disease stages.
Second, we did not have post mortem confirmation to reach the gold standard diagnosis
and cannot fully exclude misdiagnosis. Clinical follow-up enabled us to improve certainty of the
diagnosis. It has been shown that in the hands of an experienced movement disorder specialist,
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clinical follow-up for at least two years enables accurate diagnosis by evaluating the rate of disease
progression, treatment response and development of any red flags5.
Third, interpretation of the reported quantitative MD and FA values should be done with
caution because comparisons of diffusional values in different studies is difficult as scanning protocols and post processing of diffusional data lack standardization. It is known that MD and FA values
vary with the MRI field strength used62. As DTI is sensitive to susceptibility changes, FA and MD
values are probably influenced by brain iron accumulation and calcification9. Future studies need
to elucidate to what extent quantitative diffusion analysis should be corrected for tissue susceptibility changes, taking the MRI field strength into account. Furthermore, fractional anisotropy is
derived from the first, second, and third eigenvectors (and subsequent eigenvalues), which could
provide additional measures of microstructural integrity of brain tissue. Parallel imaging and other
accelerating techniques enable acquisition of high resolution DTI63, which could be superior for
the detection of more subtle neurodegenerative changes at acceptable scanning times to enable
clinical application but this needs to be determined in future prospective clinical cohort studies.
In a case-control study evaluating subjects with PD, it has been reported that diffusional kurtosis
imaging, which enables the quantification of non-Gaussian diffusion, is a more sensitive technique
than conventional DTI for assessing tissue microstructure, even in the presence of crossing fibers64.
Finally, although the diagnostic accuracy of brain MRI in our study was not improved by DTI
using the current analyses approach, we cannot exclude that it will prove to be of added value
for the diagnostic work-up of parkinsonism while using a different methods of analysis. Machinelearning algorithms have been developed for advanced MR imaging techniques, and initial results
of applying this technique to analyze DTI in a cohort of patients with parkinsonism are promising65.
These machine-learning techniques rely on algorithms analyzing imaging data without a-priori
hypotheses, based on which classifiers can be constructed for pattern recognition at the individual level66,67. Compared with a single imaging technique, the advantage of using multiple techniques is to extract more features in order to more accurately profile specific neurodegenerative
pathology67. With regard to the analysis of DTI, the ROI method is restricted because only a few
ROI’s are chosen based on a priori hypothesis and diffusional changes outside the ROI are not
analyzed. Furthermore, it bears the pitfall of partial volume averaging of MD and FA measurements. Although whole brain analyses were performed with TBSS, this method is less suitable for
evaluating gray matter structures as has been discussed earlier.

9

Conclusion
In  early stage parkinsonism, distinct brain regions showed higher mean diffusivity  and lower fractional anisotropy values in the atypical parkinsonism group as compared to Parkinson’s disease.
Using a ROI approach, increased MD measures of the putamen, midbrain, and superior cerebellar
peduncles seem appropriate for differentiating AP from PD. The diagnostic accuracy of brain MRI
in the identification of atypical parkinsonism as a group was not improved by the current analysis
approach to DTI, though DTI could be of added value to identify atypical parkinsonism subgroups.
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Table 3 Frequency of abnormalities on conventional brain MRI
Abnormality

PD
(n=30)
n (%)

AP
(n=19)
n (%)

MSA-P
(n=12)
n (%)

PSP
(n=3)
n (%)

DLB
(n=3)
n (%)

CBD
(n=1)
n (%)

Inter-rater
variability
(kappa)

Putaminal atrophy

4 (13)

3 (16)

3 (25)

0 (0)

0 (0)

0 (0)

0.92

Putaminal T2 hypo-intensity

2 (7)

9 (47)

7 (58)

1 (33)

1 (33)

0 (0)

0.94

Putaminal rim

15 (30)

7 (37)

4 (33)

1 (33)

1 (33)

1

0.00

Pons atrophy

1 (3)

2 (11)

2 (17)

0 (0)

0 (0)

0 (0)

0.48

Hot cross bun sign

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

1.00

Cerebellar atrophy

4 (13)

6 (32)

3 (25)

0 (0)

3 (100)

0 (0)

0.46

MCP T2 hyper-intensity

0 (0)

3 (16)

3 (25)

0 (0)

0 (0)

0 (0)

0.65

Midbrain Atrophy

0 (0)

3 (16)

1 (5)

2 (67)

0 (0)

0 (0)

0.73

Hummingbird sign

0 (0)

4 (21)

1 (5)

3 (100)

0 (0)

0 (0)

1.00

Midbrain <14 mm

0 (0)

3 (16)

1 (5)

2 (67)

0 (0)

0 (0)

0.65

Cortical atrophy

10 (33)

9 (47)

5 (26)

1 (33)

3 (100)

0 (0)

0.62

Dilatation 3rd ventricle

5 (17)

12 (63)

7 (58)

3 (100)

2 (67)

0 (0)

0.67

Dilatation lateral ventricles

4 (13)

8 (42)

4 (33)

2 (67)

2 (67)

0 (0)

0.94

Infarction

2 (7)

1 (5)

0 (0)

0 (0)

1 (33)

0 (0)

0.64

Confluent white matter changes

4 (13)

1 (5)

1 (5)

0 (0)

0 (0)

0 (0)

0.62

PD
AP
MSA-P
PSP
DLB
CBD
MCP
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=
=
=
=
=
=
=

Parkinson’s disease
Neurodegenerative atypical parkinsonism
Multiple system atrophy – parkinsonian form
Progressive supranuclear palsy
Dementia with Lewy bodies
Corticobasal degeneration
Middle cerebellar peduncle
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(figure 3 on next page)
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Figure 4

ROC curves of brain MRI and DTI to identify AP (left) and MSA-P (right). Conventional brain
MRI (1), DTI (2) and MRI with DTI combined (3). Quantitative DTI measures of DTI did not
increase the diagnostic accuracy of brain MRI for the diagnosis of AP as a group: AUC 0.83
(CI 0.70-0.95). The AUC for the MRI diagnosis of MSA-P was slightly increased by MD of the
putamen: AUC 0.82 (CI 0.69-0.96) was increased to 0.85 (CI 0.71-0.98).

AUC
CI
AP
MSA-P

=
=
=
=

Area under the curve
Confidence interval
Neurodegenerative atypical parkinsonism
Multiple system atrophy – parkinsonian form
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Figure 3

Box-plots of MD values (mm2/sec) of the putamen, midbrain and SCP. Horizontal lines
indicate the defined threshold MD values to discriminate AP from PD (putamen and
midbrain MD values of 0.9x10-3 mm2/sec and 1.1x10-3 mm2/sec for the SCP).

PD
AP
MSA-P
PSP
DLB
SCP

=
=
=
=
=
=

Parkinson’s disease
Neurodegenerative atypical parkinsonism
Multiple system atrophy – parkinsonian form
Progressive supranuclear palsy
Dementia with Lewy bodies
Superior cerebellar peduncle
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Summary
Brain MR imaging is the subject of this thesis. Our findings support its added value for the diagnostic work-up of patients presenting with parkinsonism. Nevertheless, the work presented
here also underscores that an adequate clinical evaluation, including extensive history taking
and careful clinical examination (preferably in the hands of an experienced movement disorders
specialist), remains indispensable and forms the basis of patient management; this important role
of the clinical evaluation was discussed in chapter 2. Efficient application of ancillary investigations
depends on a careful clinical evaluation of each patient. In this regard, brain MR imaging can be
employed for various purposes: to assess cerebrovascular damage for the diagnosis of vascular
parkinsonism, to exclude rare causes of parkinsonism such as multiple sclerosis or hydrocephalus,
or to support the diagnosis of atypical parkinsonism. The added diagnostic value of brain MR
imaging is relatively highest for those patients where the clinical diagnostic certainty is lowest.
Brain MR imaging should therefore be considered especially when one or more red flags (i.e. a
set of clinical signs or symptoms which, when present, increase the likelihood of atypical parkinsonism) are observed, casting doubt about the diagnosis. Correct interpretation of these often
subtle red flags requires an experienced clinical eye, but an ‘experienced eye’ is also crucial for the
detection of subtle abnormalities on brain MR imaging.
Note also that the diagnostic uncertainty is generally greatest in early disease stages, when
disease pathology has not yet developed fully, and this decreases the likelihood of observing
structural changes using standard MRI techniques. This underscores the importance and potential
diagnostic utility of using advanced imaging techniques, as is also discussed in this study. Such
advanced MR imaging techniques have helped to explore and to understand pathophysiologic
changes in Parkinson’s disease and the different forms of atypical parkinsonism, with a major
role for the functional imaging techniques (DTI and f-MRI). These techniques have enabled in
vivo correlation between structural pathologic changes, functional connectivity and physical and
cognitive functioning in a non-invasive manner. A major drawback is that findings of group wise
comparisons cannot be applied directly to individual patients in clinical practice. A prerequisite
for a true clinical application is standardized data-processing and applying well defined imaging
criteria, which are generally lacking for quantitative MR imaging techniques.

Brain MRI in Parkinson’s disease

10

The diagnosis of idiopathic Parkinson’s disease remains a clinical diagnosis. Diagnostic MR
imaging markers specific for Parkinson’s disease are generally lacking, as we have seen in
chapter 3. Conventional brain MR imaging can show cortical atrophy of the frontal or temporal
lobes in advanced disease stages, but this is not specific for Parkinson’s disease. Regions of
atrophy can be assessed quantitatively using measurements of diameters and areas, or by
voxel-based morphology (VBM)1. For routine clinical diagnostic work-up, the use of VBM is
limited as no clear diagnostic criteria have yet been defined or validated; moreover, post-processing can be time consuming.
New, more advanced MR imaging techniques could possibly offer additional diagnostic
markers. Results of cohort studies using quantitative SWI2-4 and DTI5,6 offered promise of delivering
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a specific diagnostic marker for Parkinson’s disease, but the conclusions were inconsistent across
different studies. A drawback of such quantitative measurements is that those usually depend
on the magnetic field strength and MR scanning protocol. Moreover, values measured may differ
between different MRI scanner types. With regard to quantitative diffusion MR imaging, the
complexity of interpreting diffusional changes is illustrated by two recently published systematic reviews, which differed in their conclusion whether DTI of the substantia nigra can be used
as a diagnostic marker for Parkinson’s disease5,6. Differences in studies included in these two
meta-analyses as well as a variation of extracted values from included studies could explain their
contradicting conclusions. The study results concerning iron content changes in the substantia
nigra in Parkinson’s disease were also conflicting2-4,7.
A compartmental organization of the substantia nigra, consisting of nigral matrix and nigrosomes, has first been described based on the immunohistochemical staining of calbindin in striatonigral afferent fibers8. It was reported that the largest of the nigrosomes called nigrosome 1,
located in the ventro-lateral substantia nigra, was most affected in Parkinson’s disease exhibiting
the maximum depletion of dopaminergic cells9. In recent case-control studies using high-resolution SWI, the absence of a swallow tail configuration in the inner structure of the substantia nigra
pars compacta, representing nigrosome 1 (Figure 1, page 54), has been reported to have high
diagnostic accuracy to identify Parkinson’s disease10,11. In our pilot study presented in chapter 4,
we were able to identify the healthy nigrosome 1 in the substantia nigra in vivo and ex vivo using
high-resolution susceptibility sensitive MR imaging. When evaluating our clinical 3 T SWI protocol
(high in-plane resolution with 3 mm slice thickness) in a prospective clinical cohort of patients with
early stage parkinsonism, the swallow tail sign had no value to discriminate Parkinson’s disease
from atypical parkinsonism or healthy controls, and its absence was not Parkinson’s disease
specific. An optimized high-resolution SWI sequence is probably crucial to reliably evaluate nigrosome 1, and its diagnostic value in the work-up of early stage parkinsonism needs to be determined in future well designed prospective clinical cohort studies.
A more practical application of the SWI sequence in Parkinson’s disease, although not further
evaluated in this thesis, is the improved identification of the subthalamic nucleus, which is of value
for targeting deep brain stimulation surgery12. Whether or not it would be relevant to identify
nigrosome 1 on high-resolution SWI and its relation with the subthalamic nucleus for deep brain
stimulation surgery planning and targeting, would be an interesting subject for future research.
10

Brain MRI in the diagnostic work-up of parkinsonism
The diagnostic value of conventional brain MR imaging for the differentiation between Parkinson’s
disease and atypical parkinsonism has been evaluated in chapter 5. A prospective observational
study was performed in 113 patients presenting with parkinsonism but without a definite diagnosis upon inclusion; this study was part of a larger clinical cohort study13. After clinical follow-up
the added diagnostic value of conventional brain MRI could be evaluated in 100 patients. A new
element of this study was our analysis of brain MR imaging results relative to the clinical diagnosis
at presentation, taking into account the degree of certainty about the initial clinical diagnosis, and
the use of a carefully defined ‘silver standard’ diagnosis made after three years of clinical follow-up
by experts in the field of movement disorders. Moreover, we did not perform brain MR imaging
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in patients with advanced and established disease (where the added value is presumably more
limited), but earlier in the course of the disease when the clinical certainty was lower, creating
a greater need for additional diagnostic information from ancillary studies. Our study confirms
earlier reports that routine brain MR imaging can identify abnormalities (examples in Figures 2-4,
pages 18-20), which have a high specificity for diagnosing atypical parkinsonism but with a limited
sensitivity. The new finding from our new prospective follow-up study is that the added diagnostic
value of brain MR imaging is relatively highest for those patients where the baseline diagnostic
certainty is lowest. Our study also demonstrates that the clinically based diagnosis is good, at least
in the hands of experienced movement disorders specialists. The degree of certainty about the
clinical diagnosis was more important in predicting the diagnosis at follow-up than durations of
symptoms alone.  
In chapter 6 we evaluated whether the SWI sequence has added value over and above conventional 3 T brain MR imaging for the diagnostic work-up of early stage parkinsonism. We performed
a prospective observational cohort study of 65 patients presenting with parkinsonism, but with
an uncertain initial clinical diagnosis. After clinical follow-up, probable diagnoses could be made
in 56 patients: 38 patients were diagnosed with Parkinson’s disease, and 18 patients with atypical
parkinsonism (12 patients MSA-P, 3 patients PSP and 3 patients DLB). SWI proved to be a useful
sequence in addition to conventional brain MR imaging, as it improved the diagnostic accuracy by
detecting severe hypo-intensity of the putamen as a sign indicative of MSA-P (Figure 1, page 87). In
addition, SWI hypo-intensity changes of the red and dentate nucleus could possibly provide a new
diagnostic marker for PSP, but this needs to be assessed in a larger cohort of patients diagnosed
with PSP.
SWI can also provide clues for infrequent causes of parkinsonism, as demonstrated in our case
report presented in chapter 7. This 15 year-old girl presented with juvenile onset dystonia and
parkinsonism, and she was finally diagnosed with Huntington’s disease. We noticed increased
susceptibility of the globus pallidus on the SWI sequence (Figure 1, page 106), which is most likely
caused by abnormal iron accumulation. This could be an additional diagnostic MR imaging marker
for Huntington’s disease in addition to slight atrophy of the caudate nucleus and putamen on
conventional brain MR imaging. In literature it has been reported that SWI can also be of added
value for the diagnosis of other more rare diseases which exhibit brain iron accumulation, including
a group of rare genetic disorders called Neurodegeneration with Brain Iron Accumulation (NBIA)14.
10
In chapter 8 we reviewed the literature on diffusion MR imaging in Parkinson’s disease and the
different forms of atypical parkinsonism. Different patterns of neurodegeneration can be identified
on diffusion MR imaging in Parkinson’s disease and the different forms of atypical parkinsonism,
and these seem to correlate with known histopathologic changes in the brain. Abnormalities can
be detected even when no structural changes are seen on conventional brain MRI. These studies
hold promise for diffusion MR imaging as an additional diagnostic tool in the diagnostic work-up of
parkinsonism. Especially, diffusional changes in the putamen, brainstem and cerebellar peduncles
could possibly improve the discrimination between Parkinson’s disease and atypical parkinsonism
in early disease stages. A major weakness of the DWI/DTI MR imaging studies in parkinsonism in
the past has been the lack of standardized MR imaging protocols and post-processing algorithms
hindering comparison between studies.
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Although diffusional changes are considered to represent a quantitative measure of neurodegenerative changes in the brain, changes are notoriously difficult to interpret due to an insufficient
understanding of the structural underpinnings of these changes. For example, it can be debated
whether diffusional changes are the representation of the primary pathologic process, the result
of a secondary consequence or age-related diffusional changes.
In chapter 9 we evaluated the additional value of quantitative DTI over conventional 3 T brain MR
imaging in the diagnostic work-up of early stage parkinsonism, aiming to establish a diagnosis of
either Parkinson’s disease or atypical parkinsonism. TBSS demonstrated higher mean diffusivity
(MD) of the centrum semiovale, external capsule, putamen and superior cerebellum in atypical
parkinsonism in comparison to Parkinson’s disease (Figure 2, page 147). Fractional anisotrophy
(FA) values of the centrum semiovale were significantly lower in atypical parkinsonism. This pattern
of differences in diffusivity could represent the summation of microstructural changes of different
disease entities in the atypical parkinsonism group. Using a region-of-interest methods, MD values
of the putamen proved significantly higher for MSA-P in comparison to Parkinson’s disease but
also higher than the other forms of atypical parkinsonism. In PSP, significantly higher MD values
of the midbrain and right superior cerebellar peduncle were observed in comparison to the other
diseases. Based on the distribution of the MD values between the different diseases, cut-off MD
values of 0.9x10-3 mm2/sec were determined for the putamen and midbrain, and 1.1x10-3 mm2/
sec for the superior cerebellar peduncles to differentiate atypical parkinsonism from Parkinson’s
disease. The diagnostic accuracy of brain MR imaging to identify atypical parkinsonism as a group
was not improved when combined with ROI measurements of MD of those structures, although
the AUC was slightly increased to identify the subgroup of MSA-P. Disease specific diagnostic
criteria of conventional brain MRI and DTI probably give a better estimation of the diagnostic
accuracy rather grouping all the different forms of atypical parkinsonism together.
The added value of quantitative DTI for clinical practice remains a debate. At this moment,
there is insufficient evidence to advice inclusion of DTI as a standard MR imaging sequence in the
diagnostic work-up of parkinsonism.

Future directions
A Parkinson’s disease specific diagnostic marker using brain MR imaging is desirable. Possibly, this
can be provided by MRI scanners with higher magnetic field strengths, as illustrated by absence
of the swallow tail sign in the substantia nigra pars compacta in Parkinson’s disease using a
high-resolution susceptibility sensitive MR sequence. Note, however, that higher magnetic field
strengths can occasionally also provide new conflicting results. An example is the putaminal rim
sign, considered to be suggestive of MSA on 1.5 T MRI, which proves to be a normal finding on
3 T magnetic field strength15. Therefore, increase of the magnetic field strength does not automatically guarantee a gain of new diagnostic markers. On the other hand, advanced MR imaging
techniques benefit from higher magnetic field strengths, which enables improved tissue contrast
and increased temporal resolution. With regard to diffusion MRI, future studies should asses the
influence of iron depositions on diffusional changes in brain structures. Differences between MR
imaging systems, scanning protocols and magnetic field strength should be taken into account
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when defining diagnostic criteria for quantitative MR imaging techniques. This also applies for
functional MR imaging techniques (f-MRI), especially resting state f-MRI, which could potentially
aid in the diagnostic work-up of parkinsonism.
As each MR imaging technique can contribute as a piece to the puzzle, the challenge is now
to combine structural and functional imaging markers. Machine-learning algorithms have already
been developed for advanced MR imaging techniques. These machine-learning techniques rely
on algorithms analyzing imaging data without a-priori hypotheses, based on which classifiers can
be constructed for pattern recognition at the individual level16,17. Compared with a single imaging
technique, the advantage of using multiple techniques is to extract more features in order to more
accurately profile specific neurodegenerative pathology17. With the arrival of new hybrid imaging
modalities, the first experiences of combined PET/MR imaging scanners in parkinsonism can be
expected in the near future; this could possibly aid in determining diagnostic criteria based on
these advanced MR imaging techniques18.
The role of brain MR imaging in the pre-motor phase of Parkinson’s disease needs to be explored
further. As we have seen, results of published studies in literature raise the question whether a
combination of olfactory testing and DTI could help to identify the pre-motor phase of Parkinson’s
disease19. This hypothesis now needs to be tested, for example by scanning asymptomatic carriers
of mutations in known Parkinson’s disease genes20,21, or in unaffected family members of patients
with Parkinson’s disease who have signs of hyposmia22.
In order to evaluate the value of a diagnostic test in early stage parkinsonism (when it has the
greatest clinical relevance), well designed prospective clinical cohort studies are warranted.  
Conducting such a study is challenging, as obtaining histopathologic confirmation for larger
study populations is practically impossible. Diagnosis based on adequate clinical follow-up by
a movement disorders specialist is therefore crucial to obtain a ‘silver standard’ diagnosis. The
benefits of such an approach were demonstrated in chapter five of this thesis.
Finally, besides optimizing the MR imaging scanning protocol and applying new MR techniques,
the influence of the level of experience of the physician reading the MR imaging study needs to
be assessed23. Probably, the diagnostic value is improved when the study is evaluated by a reader
more experienced in evaluating movement disorders and neurodegenerative pathology.
10
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Conclusion
In this thesis, we have shown that the added value of brain MR imaging in the diagnostic work-up
of early stage parkinsonism is greatest in case of uncertainty about the clinical diagnosis. To
further enhance the diagnostic yield, an optimized MR imaging scanning protocol is advised,
which includes a T2* or SWI sequence. We have demonstrated that severe hypo-intensity of
the putamen on SWI is indicative of MSA-P, and this improves the diagnostic accuracy of brain
MRI. High-resolution SWI could possibly provide a new diagnostic marker specific for Parkinson’s
disease, though further research is needed to evaluate whether the swallow tail sign is of added
value in the diagnostic work-up of early stage parkinsonism. Clinical application of quantitative DTI
is more complex, as it requires dedicated post-processing and quantitative measures are dependent on the scanning parameters and magnetic field strength used. It remains to be determined
how DTI should be applied to evaluate an individual patient, and whether this technique improves
the diagnostic accuracy of brain MRI. Presently, there is insufficient evidence to advice inclusion
of DTI as a standard MR imaging sequence in the diagnostic work-up of patients presenting with
parkinsonism. DTI does seem to be able to detect and quantify neurodegenerative microstructural changes in different brain structures, which is in line with known histopathologic changes
of the different diseases. DTI remains therefore a promising technique to improve the diagnostic
accuracy of brain MR imaging, but there is a need for validated disease-specific diagnostic criteria.
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Samenvatting
Het MRI-onderzoek van de hersenen is het onderwerp van dit proefschrift. Onze bevindingen
ondersteunen dat dit onderzoek een toegevoegde waarde heeft voor de diagnostiek bij parkinsonisme. Ons werk onderstreept dat een gedegen klinische evaluatie, inclusief uitgebreide anamnese
en zorgvuldig klinisch neurologisch onderzoek (bij voorkeur door een ervaren bewegingsstoornis
specialist), onmisbaar is en de basis vormt voor de evaluatie van een patiënt met parkinsonisme;
dit belang van een gedegen klinische evaluatie is besproken in hoofdstuk 2. Efficiënte toepassing van aanvullende diagnostische onderzoeken is afhankelijk van de klinische evaluatie van de
individuele patiënt. Vanuit dit oogpunt kan een MRI-scan van de hersenen kan worden gebruikt
voor verschillende doeleinden: vasculaire schade van het brein aantonen voor de diagnose van
vasculair parkinsonisme, zeldzame oorzaken van parkinsonisme zoals multiple sclerose of hydrocephalus uitsluiten, of de diagnose van atypische parkinsonisme ondersteunen. De toegevoegde
waarde van een MRI-onderzoek van de hersenen is relatief het grootste voor de patiënten waar de
zekerheid over de klinische diagnose het laagste is. Een MRI van de hersenen moet derhalve vooral
worden overwogen wanneer een of meer zogenaamde ‘rode vlaggen’ (klachten of verschijnselen
die kunnen wijzen op atypisch parkinsonisme) worden waargenomen, met twijfel over de klinische
diagnose. Een juiste interpretatie van deze, vaak subtiele, rode vlaggen vereist een ervaren klinisch
oog, maar een ‘ervaren oog’ is ook cruciaal voor het herkennen van subtiele afwijkingen op een
MRI-onderzoek van de hersenen.
Het is belangrijk om vast te stellen dat de onzekerheid over de klinische diagnose het grootste is
in een vroeg stadium van de ziekte, wanneer de ziekte nog niet volledig tot uiting is gekomen, en in
dit stadium is de kans op het aantonen van structurele afwijkingen op een standaard MRI-onderzoek
van de hersenen kleiner. Dit onderstreept het belang en mogelijke toegevoegde diagnostische
waarde van meer geavanceerde beeldvormende technieken, zoals besproken in dit proefschrift.
Zulke geavanceerde MRI-technieken hebben geholpen om pathofysiologische veranderingen in
de hersenen van patiënten met de ziekte van Parkinson en de verschillende vormen van atypisch
parkinsonisme te onderzoeken, met een belangrijke rol voor de functionele MRI-technieken (DTI
en f-MRI). Deze non-invasieve technieken maken een in vivo correlatie mogelijk tussen structurele
pathologische veranderingen, functionele connectiviteit en fysiek en cognitief functioneren. Een
belangrijk nadeel van deze technieken is dat de bevindingen van groepsgewijze vergelijkingen niet
direct kunnen worden toegepast in de dagelijkse klinische praktijk. Een voorwaarde voor daadwerkelijke klinische toepassing is een gestandaardiseerde nabewerking van de verkregen onderzoeksdata met goed gedefinieerde en gevalideerde diagnostische criteria, die over het algemeen
ontbreken bij deze kwantitatieve MRI-technieken.

11

MRI hersenen bij de ziekte van Parkinson
Het vaststellen van de ziekte van Parkinson blijft een klinische diagnose. Er is vooralsnog geen
diagnostische MRI-marker specifiek voor de ziekte van Parkinson voorhanden, zoals we hebben
gezien in hoofdstuk 3. Een standaard MRI-onderzoek van de hersenen kan corticale atrofie van
de frontaalkwab of temporaalkwab laten zien in een gevorderd stadium van de ziekte, maar dit
is niet specifiek voor de ziekte van Parkinson. Gebieden van atrofie kunnen kwantitatief worden
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bepaald door metingen van diameters en oppervlakte, of door een voxel gebaseerde morfologie
(VBM)-methode1. In de dagelijkse klinische praktijk is het gebruik van VBM beperkt omdat er geen
uniforme gevalideerde diagnostische criteria geformuleerd zijn en de methode tijdrovend kan zijn.
Nieuwe, meer geavanceerde MRI-technieken zouden nieuwe diagnostische markers kunnen opleveren voor de evaluatie van patiënten die zich presenteren met parkinsonisme. De resultaten van
cohort studies die kwantitatieve SWI2-4 en DTI5,6 hebben geëvalueerd zijn veelbelovend om een
diagnostische marker specifiek voor de ziekte van Parkinson op te leveren, maar conclusies van
de verschillende onderzoeksresultaten zijn niet consistent. Een nadeel van zulke kwantitatieve
metingen is dat deze afhankelijk zijn van de magnetische veldsterkte en het MRI-scanprotocol
die is gebruikt. Bovendien kunnen de gemeten waarden verschillen tussen verschillende typen
MRI-scanners. De complexiteit van het interpreteren van gemeten waarden op diffusie MRI wordt
geïllustreerd door twee recent gepubliceerde systematische review artikelen, die verschillen in
hun conclusie of DTI van de substantia nigra kan worden gebruikt als diagnostische marker voor de
ziekte van Parkinson5,6. Verschillen in geïncludeerde studies alsmede verschillen in geëxtraheerde
data kunnen een verklaring zijn voor de tegenstrijdige conclusies van deze twee meta-analyses.
Daarnaast zijn ook studieresultaten van gemeten ijzergehalte in de substantia nigra bij de ziekte
van Parkinson niet altijd congruent2-4,7.
Op basis van immuunhistochemische kleuringen van calbine in afferente striatonigrale vezels is een
organisatie in verschillende compartimenten van de substantia nigra beschreven, bestaande uit
nigrale matrix en nigrosomen8. Er is beschreven dat de grootste van de nigrosomen, nigrosoom 1
genoemd en gelokaliseerd in de ventro-laterale substantia nigra, het meest is aangedaan bij de
ziekte van Parkinson met in dit gebied de meeste degeneratie van dopaminerge cellen9. In recent
gepubliceerde case-control studies blijkt het ontbreken van een zwaluwstaart configuratie in de
binnenstructuur van de substantia nigra pars compacta op hoge resolutie SWI, hetgeen een representatie is van nigrosoom 1 (Figuur 1, pagina 54), een hoge nauwkeurigheid te hebben om de
ziekte van Parkinson te identificeren10,11. In onze pilot studie gepresenteerd in hoofdstuk 4, waren
we met behulp van hoge resolutie susceptibiliteit gevoelige MRI-sequenties in staat om nigrosoom
1 in vivo en ex vivo te identificeren bij gezonde controles. Bij de evaluatie van onze klinische 3 T
SWI-sequentie (hoge in-plane resolutie maar 3 mm plakdikte) in een prospectief klinisch cohort
van patiënten met vroeg stadium parkinsonisme, bleek de zwaluwstaart configuratie van weinig
waarde om de ziekte van Parkinson te onderscheiden van atypisch parkinsonisme en gezonde
controles, en de afwezigheid van een zwaluwstaart was niet specifiek voor de ziekte van Parkinson.
Een geoptimaliseerde hoge resolutie SWI-sequentie is waarschijnlijk essentieel om nigrosoom 1
betrouwbaar te kunnen beoordelen. Toekomstige, goed opgezette klinische cohort studies zijn
noodzakelijk om de diagnostische waarde van de zwaluwstaart configuratie op hoge resolutie SWI
in een vroeg stadium van parkinsonisme te evalueren.
Een meer praktische toepassing van de SWI-sequentie bij de ziekte van Parkinson, hoewel niet
verder onderzocht in dit proefschrift, is de verbeterde identificatie van de nucleus subthalamicus,
hetgeen van meerwaarde is voor diepe hersenstimulatie chirurgie12. Of het identificeren van nigrosoom 1 op SWI, en de relatie met de nucleus subthalamicus, relevant is voor het plannen van
diepe hersenstimulatie zou een interessant onderwerp kunnen zijn voor toekomstig onderzoek.
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MRI hersenen bij de diagnostiek van parkinsonisme
De diagnostische waarde van een standaard MRI-scan van de hersenen voor de differentiatie
tussen ziekte van Parkinson en atypisch parkinsonisme is geëvalueerd in hoofdstuk 5. We hebben
een prospectieve observationele cohort studie uitgevoerd, onderdeel van een grotere klinische
cohort studie13, bij 113 patiënten met parkinsonisme zonder definitieve diagnose bij opname.
Na klinische follow-up kon de toegevoegde diagnostische waarde van de MRI hersenen worden
geëvalueerd bij 100 patiënten. De analyse van de MRI hersenen ten opzichte van de klinische
diagnose bij presentatie, rekening houdend met de mate van (on)zekerheid over de eerste
klinische diagnose, en een nauwkeurig gedefinieerde ‘zilveren standaard’ diagnose na drie jaar
klinische follow-up door bewegingsstoornis specialisten onderscheidt onze studie van eerder
gepubliceerde onderzoeken. Bovendien hebben we de MRI hersenen niet verricht bij patiënten
in een gevorderd stadium van de ziekte (waar de toegevoegde waarde vermoedelijk beperkt is),
maar eerder in het beloop van de ziekte met een lagere klinische zekerheid over de diagnose,
waardoor er een grotere behoefte was aan aanvullende diagnostiek. Onze studie bevestigt resultaten van eerdere onderzoeken dat afwijkingen op een standaard MRI hersenen (voorbeelden
in Figuren 2-4, pagina’s 18-20) een hoge specificiteit hebben voor de diagnose atypisch parkinsonisme, maar met een beperkte sensitiviteit. De nieuwe bevinding van de huidige prospectieve
follow-up studie is dat de toegevoegde diagnostische waarde van de MRI hersenen relatief het
hoogste is bij patiënten waar de diagnostische zekerheid het laagste is. Onze studie toont ook aan
dat de klinisch neurologische evaluatie accuraat is, althans in de handen van ervaren bewegingsstoornis specialisten. De mate van (on)zekerheid over de klinische diagnose is een belangrijkere
voorspeller voor de diagnose dan de ziekteduur alleen.
In hoofdstuk 6 hebben we onderzocht of de SWI-sequentie van toegevoegde waarde is op een
standaard 3 T MRI-onderzoek van de hersenen in de diagnostiek van vroeg stadium parkinsonisme. We hebben een prospectieve observationele cohort studie verricht bij 65 patiënten met
parkinsonisme, met onzekerheid over de initiële klinische diagnose. Na klinische follow-up konden
‘probable’ diagnoses worden gesteld bij 56 patiënten: 38 patiënten met de ziekte van Parkinson,
en 18 patiënten met atypisch parkinsonisme (12 patiënten MSA-P, 3 patiënten PSP en 3 patiënten
DLB). SWI bleek een nuttige sequentie in aanvulling op de standaard MRI hersenen, omdat het de
diagnostische nauwkeurigheid verbeterde door het detecteren ernstige hypo-intensiteit van het
putamen hetgeen indicatief is voor de diagnose MSA-P (Figuur 1, pagina 87). Mogelijk zou SWI
hypo-intensiteit veranderingen van de nucleus ruber en de nucleus dentatus een nieuwe diagnostische marker kunnen zijn voor PSP, maar dit moet worden onderzocht in een groter cohort van
PSP-patiënten.
SWI kan ook aanwijzingen geven voor zeldzame oorzaken van parkinsonisme, zoals geïllustreerd in onze casus beschrijving in hoofdstuk 7. Deze 15-jarige patiënte presenteerde zich met
juveniele dystonie en parkinsonisme, en ze werd uiteindelijk gediagnosticeerd met de ziekte van
Huntington. Wij vonden toegenomen susceptibiliteit van het globus pallidus op de SWI-sequentie
(Figuur 1, pagina 106), die waarschijnlijk is veroorzaakt door abnormale mineralisatie. De standaard MRI-sequenties toonden lichte atrofie van de nucleus caudatus en het putamen, hetgeen
eerder is beschreven bij de ziekte van Huntington. In de literatuur is verder beschreven dat SWI
van toegevoegde waarde kan zijn voor de diagnose van neurodegeneratieve aandoeningen
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met ijzerstapeling, onder andere een groep van zeldzame genetische aandoeningen genaamd
Neurodegeneration with Brain Iron Accumulation (NBIA)14.
In hoofdstuk 8 hebben wij aan de hand van beschikbare literatuur de waarde van diffusie MRI
bij de ziekte van Parkinson en de verschillende vormen van atypisch parkinsonisme besproken.
Verschillende patronen van neurodegeneratie kunnen worden geïdentificeerd op diffusie MRI,
welke lijken te correleren met bekende histopathologische veranderingen in het brein voor de
verschillende ziekten. Afwijkingen kunnen worden gedetecteerd zonder dat er structurele afwijkingen te zien zijn op een standaard MRI-onderzoek. De studieresultaten zijn veelbelovend dat
diffusie MRI van meerwaarde kan zijn voor de MRI-diagnostiek bij parkinsonisme. Met name
lijken diffusie veranderingen van het putamen, de hersenstam en het cerebellum het mogelijk
te maken om te discrimineren tussen de ziekte van Parkinson en de verschillende vormen van
atypisch parkinsonisme in een vroeg stadium van de ziekte. Een belangrijke beperking van de
studies omtrent diffusie MRI bij parkinsonisme, is het ontbreken van gestandaardiseerde MRI-scan
protocollen en nabewerking algoritmes en deze belemmeren een vergelijking tussen de verschillende studie resultaten. Hoewel veranderingen op diffusie MRI een kwantitatieve maat lijken
te zijn voor neurodegeneratieve veranderingen in de hersenen, zijn deze veranderingen notoir
moeilijk te interpreteren vanwege onvoldoende begrip van de aard en oorzaak van deze veranderingen. Het is niet altijd duidelijk of veranderingen op diffusie MRI een representatie zijn van het
primaire pathologische proces, secundaire (reactieve) veranderingen, danwel leeftijd gerelateerde
veranderingen.
In hoofdstuk 9 hebben we de toegevoegde waarde van kwantitatieve DTI opzichte van de standaard 3 T MRI-onderzoek van de hersenen geëvalueerd bij de diagnostiek van beginnend parkinsonisme, voor het stellen van de diagnose ziekte van Parkinson of atypisch parkinsonisme. Een TBSS
analyse van de DTI-data toonde hogere gemiddelde diffusiviteit (MD) van het centrum semiovale,
capsula externa, het putamen en het superior cerebellum in de groep van atypisch parkinsonisme
in vergelijking met de ziekte van Parkinson (Figuur 2, pagina 147). Fractionele anisotropie (FA) van
het centrum semiovale was significant lager bij atypisch parkinsonisme. Dit patroon van verschil
in diffusiviteit kan de optelsom zijn van microstructurele schade van de verschillende ziekte-entiteiten in de groep van atypisch parkinsonisme. Met de ROI-methode bleken de MD waarden van
het putamen significant hoger voor MSA-P in vergelijking met de ziekte van Parkinson, maar ook
hoger dan de andere vormen van atypisch parkinsonisme. In PSP werden significant hogere MD
waarden van het mesencephalon en de rechter superior cerebellaire pedunkel waargenomen.
Op basis van de verdeling van de MD waarden tussen de verschillende ziekten werden de MD
drempelwaarden bepaald van 0.9x10-3 mm2/sec voor het putamen en het mesencephalon, en
1.1x10-3 mm2/sec voor de superior cerebellaire pedunkels, om te discrimineren tussen de ziekte
van Parkinson en atypisch parkinsonisme. De diagnostische nauwkeurigheid van de MRI hersenen
om atypisch parkinsonisme als groep te identificeren werd niet verbeterd door de combinatie van
ROI metingen van deze hersenstructuren. Wel werd de diagnostische nauwkeurigheid enigszins
verhoogd om de subgroep van MSA-P te identificeren. Ziekte specifieke diagnostische criteria voor
MRI en DTI geven waarschijnlijk een betere schatting van de diagnostische nauwkeurigheid dan de
verschillende vormen van atypisch parkinsonisme bij elkaar genomen als één groep.
De toegevoegde waarde van kwantitatieve DTI voor de klinische praktijk blijft een punt van
discussie. Er is op dit moment onvoldoende bewijs om te adviseren de DTI-sequentie op te nemen
in het standaard MRI-scanprotocol bij de diagnostiek van parkinsonisme.
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Toekomstblik
Er is behoefte aan een diagnostische marker op een MRI hersenen die specifiek is voor de ziekte
van Parkinson. Een MRI-scanner met hoge magneetveld sterkte zou deze kunnen verschaffen, zoals
geïllustreerd door de afwezigheid van een zwaluwstaart configuratie in de substantia nigra pars
compacta op een hoge resolutie susceptibiliteit gevoelige MRI-sequentie. Soms kan een hogere
magneetveldsterkte echter nieuwe tegenstrijdige resultaten opleveren. Een voorbeeld is het ‘putaminal rim’ teken welke suggestief is voor MSA op 1,5 T MRI, maar een normale bevinding blijkt te
zijn op 3 T MRI15. Daarom is een verhoging van de magnetische veldsterkte geen vanzelfsprekende
garantie voor nieuwe diagnostische markers. Anderzijds, geavanceerde MRI-technieken profiteren
van een hoger magneetveld sterkte omdat hiermee een beter weefselcontrast en hogere tijdsresolutie kan worden verkregen. Wat betreft diffusie MRI is het nodig dat de invloed van ijzerstapeling
in hersenstructuren op de gemeten diffusie waarden wordt geëvalueerd in toekomstige studies.
Bij het vaststellen van diagnostische criteria van kwantitatieve MRI-technieken moet rekening
worden gehouden met verschillen tussen MRI-systemen, scan protocollen en de magnetische
veldsterkte. Dit geldt ook voor de functionele MRI-technieken (f-MRI), met inbegrip van resting
state f-MRI, welke van toegevoegde waarde kunnen zijn voor de diagnostiek van parkinsonisme.
Omdat elke MRI-techniek als een stukje van de puzzel een bijdrage kan leveren aan de diagnostiek, is de uitdaging nu om structurele en functionele beeldvormende technieken te combineren. Zogenaamde ‘machine-learning’ algoritmen zijn reeds ontwikkeld voor geavanceerde
MRI-technieken. Deze ‘machine-learning’ technieken maken gebruik van algoritmen welke MRI
data analyseren zonder een a priori hypothese, waarmee een classificatie systeem kan worden
ontwikkeld voor patroonherkenning op het niveau van de individuele patiënt16,17. In vergelijking
met een individuele beeldvormende techniek heeft het combineren van verschillende beeldvormende technieken het voordeel dat verschillende kenmerken kunnen worden gecombineerd
voor het detecteren van specifieke neurodegeneratieve pathologie17. Met de komst van nieuwe
hybride beeldvormende modaliteiten kunnen de eerste ervaringen van de gecombineerde PET-/
MRI-scanners bij parkinsonisme in de nabije toekomst worden verwacht; dit kan behulpzaam zijn
voor het vaststellen van diagnostische criteria voor de genoemde geavanceerde MRI-technieken18.
De rol van de MRI hersenen in de pre-motore fase van de ziekte van Parkinson moet verder
worden onderzocht. Zoals we hebben gezien zou het, gezien de resultaten van de gepubliceerde
studies in de literatuur, interessant zijn of een combinatie van reuktest en DTI kan helpen om
de pre-motore fase van de ziekte van Parkinson te identificeren19. Deze hypothese moet nu
worden getoetst, bijvoorbeeld door het scannen van asymptomatische dragers van mutaties in
bekende Parkinson genen20,21, of onaangetast familieleden van Parkinson patiënten die tekenen
van hyposmie hebben22.
Om de diagnostische waarde van een diagnostische test te evalueren in een vroeg stadium
van parkinsonisme (waar deze het meest klinisch relevant is), zijn goed ontworpen prospectieve
klinische cohort studies noodzakelijk. Het uitvoeren van een dergelijke studie is niet eenvoudig,
omdat het verkrijgen van histopathologische bevestiging van de diagnose voor grotere patiënten
populaties praktisch onmogelijk is. Een diagnose gebaseerd op adequate klinische follow-up
door een bewegingsstoornis specialist is daarom cruciaal om een ‘zilveren standaard’ diagnose
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te verkrijgen. Het voordeel van een dergelijke benadering is geïllustreerd in hoofdstuk 5 van dit
proefschrift.
Tot slot, naast het optimaliseren van het MRI-scanprotocol, moet de invloed van het ervaringsniveau van de radioloog, die het MRI-onderzoek beoordeelt, worden geëvalueerd23. Waarschijnlijk
wordt de diagnostische waarde verbeterd wanneer het MRI-onderzoek wordt beoordeeld door
een radioloog met meer ervaring in de diagnostiek van  bewegingsstoornissen en neurodegeneratieve aandoeningen.

Conclusie
In dit proefschrift hebben wij laten zien dat de toegevoegde waarde van de MRI hersenen bij
de diagnostiek van beginnend parkinsonisme het grootst is, in geval van onzekerheid over de
klinische diagnose. Om de diagnostische nauwkeurigheid van het onderzoek verder te vergroten,
wordt een geoptimaliseerd MRI-scanprotocol geadviseerd, welke een T2* of SWI-sequentie bevat.
Wij hebben laten zien dat uitgesproken hypo-intensiteit van het putamen op de SWI-sequentie
indicatief is voor de diagnose MSA-P, en dat dit de diagnostische nauwkeurigheid van de MRI
verbetert. Hoge resolutie SWI zou een nieuwe diagnostische MRI-marker specifiek voor de ziekte
van Parkinson kunnen opleveren, maar verder onderzoek nodig is om te evalueren of de afwezigheid van een zwaluwstaart configuratie in de substantia nigra van toegevoegde waarde is voor
de diagnostiek van vroeg stadium parkinsonisme. De klinische toepassing van kwantitatieve DTI
is meer complex dan conventionele MRI-sequenties, omdat het speciale nabewerking vereist en
gevalideerde diagnostische criteria veelal nog ontbreken. Het is nog onduidelijk hoe DTI het beste
kan worden gebruikt voor de evaluatie van een individuele patiënt en in hoeverre de nauwkeurigheid van de MRI met deze techniek wordt verbeterd. Momenteel is er onvoldoende bewijs
om te adviseren DTI als standaard sequentie in het MRI-scanprotocol op te nemen bij de diagnostische evaluatie van patiënten met parkinsonisme. DTI lijkt desondanks wel in staat neurodegeneratieve microstructurele veranderingen in verschillende hersenstructuren te detecteren en
te kwantificeren, overeenkomstig de bekende histopathologische veranderingen van de verschillende aandoeningen. Om deze reden blijft DTI een veelbelovende techniek om de diagnostische
nauwkeurigheid van de MRI hersenen te verbeteren, maar er is behoefte aan gevalideerde ziekte
specifieke diagnostische criteria.
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Dankwoord
Allereerst spreek ik mijn waardering en dankbaarheid uit voor de patiënten die hebben deelgenomen aan de verschillende onderzoeken. Deelname betekende toch aanvullende diagnostische
testen, invullen van vragenlijsten en extra consulten naast de fysieke en emotionele belasting van
het ziekteproces. Ook wil ik de Parkinson Patiënten Vereniging en het Van Alkemade Keuls Fonds
bedanken voor de financiële ondersteuning van de studies in dit proefschrift.
Het tot stand komen van dit proefschrift is het resultaat van een zeer gewaardeerde samenwerking tussen de afdelingen radiologie en neurologie van het Radboudumc. Niet alleen op het gebied
van wetenschappelijk onderzoek, maar ook in de patiëntenzorg en het onderwijs, ervaar ik de
samenwerking in de afgelopen jaren als zeer prettig en inspirerend. Sinds mijn coschap neurologie ben ik onder de indruk van de ambitie en motivatie van de medewerkers van de afdeling
neurologie en het hoge niveau van de dagelijks geleverde patiëntenzorg. Het Parkinson Centrum
Nijmegen (ParC) en ParkinsonNet hebben ondertussen landelijke en internationale bekendheid
gekregen vanwege de vernieuwende patiënt gecentreerde benadering van zorg.
Graag zou ik speciale woorden van dank uitspreken aan de volgende personen betrokken bij het
tot stand komen van dit proefschrift:
Allereerst beste Bozena, heel hartelijk dank voor uw begeleiding van mijn onderzoek in de
afgelopen jaren. Nadat ik onder uw supervisie tot neuroradioloog ben opgeleid, was het voor
mij een uitdaging om naast de klinische werkzaamheden een promotie traject op te starten. Uw
begeleiding in deze, heb ik als zeer waardevol ervaren en was op meerdere momenten cruciaal om
goede vooruitgang te boeken. U was altijd enthousiast om nieuwe onderzoeksideeën te bespreken
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