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Abstract Significant advances have allowed diffusion mag-
netic resonance imaging (MRI) to evolve into a powerful tool
in the field of movement disorders that can be used to study
disease states and connectivity between brain regions.
Diffusion MRI is a promising potential biomarker for
Parkinson’s disease and other forms of parkinsonism, and
may allow the distinction of different forms of parkinsonism.
Techniques such as tractography have contributed to our
current thinking regarding the pathophysiology of dystonia
and possible mechanisms of penetrance. Diffusion MRI mea-
sures could potentially assist in monitoring disease progres-
sion in Huntington’s disease, and in uncovering the nature of
the processes and structures involved the development of
essential tremor. The ability to represent structural connectiv-
ity in vivo also makes diffusion MRI an ideal adjunctive tool
for the surgical treatment of movement disorders. We review
recent studies using diffusion MRI in movement disorders
research and present the current state of the science as well
as future directions.
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Introduction

Although the clinical use of magnetic resonance imaging
(MRI) has revolutionized the diagnosis and management of
neurological diseases, its utility in neurodegenerative diseases
was initially limited to the exclusion of other diagnoses [1].
During the past three decades, significant advances have been
made in the field of MRI that have increased its value in the
study of neurodegenerative diseases, and these advances have
occurred in a time period that has largely paralleled the mat-
uration of the field of movement disorders as a neurologic
subspecialty [2]. During this time period, diffusion MRI has
emerged as a powerful tool in the field of movement disorders,
both in research settings and in clinical settings for evaluating
white matter (WM), gray matter (GM), and connectivity.
Diffusion MRI makes use of the random translational mo-
tion of molecules that occurs secondary to thermal energy and
is influenced by a variety of microstructural factors, including
organelles, neurofibrils, and membranes. Diffusion can be rel-
atively directional (anisotropic) or can occur relatively equally
in all directions (isotropic). The degree and direction of diffu-
sion can be used to produce accurate contrast images, and a
tensor can be calculated to estimate diffusivity in three-
dimensional space [3]. From this tensor one can calculate the
mean-squared displacement of molecules (mean diffusivity,
MD) and the degree to which diffusion is directional (fractional
anisotropy, FA, which ranges between 0 and 1). Additional
scalars such as axial diffusivity and radial diffusivity can be
used to estimate the magnitude of diffusion parallel and per-
pendicular to the principal axis of diffusion, respectively. As
underlying fiber orientation can be inferred from the orientation
of the longest axis of the tensor, fiber orientation in neighboring
pixels can be repeatedly reconstructed to produce streamlines
to reconstruct WM pathways in a process called tractography,
making diffusion MRI especially useful in the analysis of WM
tracts in the brain. Figure 1 shows some of the major analytic
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Fig. 1 Visual representations of the major diffusion magnetic resonance
imaging analysis methods that are currently in use. Clockwise from top
left: manual selection of regions of interest; automated tract-based spatial
statistics aligns a combined fractional anisotropy map on a fractional
anisotropy skeleton; tractography involves tract reconstruction based on

approaches that have been used, and includes region of interest
(ROI) analysis, voxel-based analysis, tract-based spatial statis-
tics (TBSS), and tractography.

The interpretation of diffusion MRI measures, including the
specific abnormalities that these proxy measures represent and
the conclusions that can be drawn from abnormal values in
disease, can be controversial [10]. Results can be highly de-
pendent on the appropriateness of the methods of acquisition
and data processing [11]. With these caveats in mind, changes
in diffusion MRI scalars can reveal important information
about the microstructural properties of underlying tissues. FA
is higher in areas of highly coherent fiber structure and is
affected by myelination. Reduced axial diffusivity has been
correlated with axonal injury, whereas increased radial diffu-
sivity has been suggested to represent incomplete or damaged
myelination [11]. Reduced probabilities of tractography are
believed to represent compromised WM fiber integrity or a
reduction in fiber myelination or number [12].

Diffusion MRI can be used to study differences in tissue
properties at specific locations in the brain between individ-
uals or groups, to look for relationships between diffusion
MRI properties and other variables (such as task perfor-
mance), and to investigate connectivity between GM and
WM or alternatively to attempt to reconstruct specific WM
pathways [10]. Recently, diffusion MRI studies have made
major contributions in a variety of subdisciplines within the
field of movement disorders, with wide-ranging implications
for pathophysiology, differential diagnosis, surgical treatment,
and the search for possible biomarkers of disease.
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the orientation and magnitude of diffusion, after which probabilities of
connectivity can be analyzed; automated voxel-based analysis registers
diffusion maps into a standard space. (Reproduced with permission from
Prodoehl J et al. [4¢¢], Zheng et al. [5], Saini et al. [6], Argyelan et al. [7],
Wang et al. [8], and Zhang et al. [9])

In this review, we discuss the evolving role of diffusion
MRI in the study of movement disorders, and we emphasize
the most important publications in the field within the past
year. As our scope is focused across all movement disorders,
this work is not intended to be exhaustive (the reader is
directed to disease-specific reviews of diffusion MRI for such
purposes). We do, however, hope to present the state of the
science regarding the role of diffusion MRI in movement
disorders research, and we will discuss diffusion MRI in the
context and framework of prior research within each field.

Diffusion MRI in Parkinsonism

The study of Parkinson’s disease (PD) and parkinsonism has
evolved into a multifaceted field that has many different
avenues of approach, and many of these areas of interest are
actively making use of diffusion MRI technology to answer
research questions. Table 1 reviews the manner in which
diffusion MRI has been used in the past year to study parkin-
sonism. In addition, we recommend a recent systematic re-
view and meta-analysis [33¢¢] that includes many studies that
predate the studies described.

One of the most important and exciting aspects of PD
research has been the quest for a biomarker of disease that
can facilitate diagnosis, allow objective monitoring of disease
progression, and evaluate the efficacy of potential therapeutic
and neuroprotective therapies [34]. Diffusion MRI is among
those modalities being investigated in this regard. Many
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different GM and WM structures have been investigated using
diffusion MRI, and abnormalities in a variety of arcas have
been reported [33+¢]. However, given what we know about the
pathogenesis of PD, it is not surprising that the substantia
nigra (SN) has been the most commonly studied area.
Although not all studies have found a reduction in FA in the
SN [35, 36], a recent meta-analysis [33+¢] found a significant
pooled effect size for reduction of FA in the SN across studies.
One study achieved 100 % sensitivity and specificity in
distinguishing early medication naive patients from controls
in the ventral SN [37]. A recent follow-up study [38] demon-
strated that, in normal aging, FA decreased and radial diffu-
sivity increased in the dorsal SN but not in the ventral SN,
again consistent with earlier histopathology studies. These
studies further the suggestion put forth by animal models that
diffusion MRI may act as a proxy for dopaminergic degener-
ation in the SN [39]. They also highlight the critical impor-
tance of where ROIs are defined in obtaining meaningful
results [38] as well as the possible potential of diffusion
MRI of the SN as a biomarker for PD [40].

Diffusion MRI is also being investigated in combina-
tion with other neuroimaging modalities. Diffusion MRI
measures have been combined with inverse T2* (R2%)
[41], another MRI measure that has been shown to be
increased in PD patients and is thought to correlate with
iron concentration, to see if the combined measures im-
prove separation between PD and controls [42¢¢]. Mean
FA was reduced and R2* was increased in the SN of
patients compared with controls, with improved discrim-
ination between groups when the modalities were com-
bined. Further, there was no correlation between the two
measures, which the authors of the study suggested could
indicate that these measures could reflect independent
ongoing pathological processes in the SN. A follow-up
study from the same group [17] expanded these earlier
findings and showed that the decrease in FA in the SN in
PD was significant early in the caudal region of the SN,
whereas in the rostral SN the decrease in FA was only
significant in late stages of the disease. R2* in the caudal
SN also correlated with clinical scores, disease duration,
and levodopa dosage.

Although the commonest cause of parkinsonism is PD, the
syndromes of multiple system atrophy, progressive supranuclear
palsy (PSP), and corticobasal degeneration, as well as a variety
of other disorders, can also result in parkinsonism, and the
clinical differentiation between these diseases can sometimes
be difficult [43]. In addition to detecting PD, the ability of
diffusion MRI to differentiate PD from atypical parkinsonism
and the atypical parkinsonism disorders from each other is also
being investigated. A recent study [4¢°] used a multitarget ap-
proach based on prior diffusion MRI studies and areas of the
brain that are known to be affected by specific diseases in a
population of patients with PD, multiple system atrophy,

parkinsonism subtype (MSA-P), PSP, and essential tremor
(ET) and healthy controls. Receiver operating characteristic
analyses demonstrated an area under the curve of 0.99 (sensi-
tivity 90 %, specificity 100 %) in distinguishing PD from
atypical parkinsonism. Areas under the curves of 0.99, 0.96,
and 0.97 were achieved for distinguishing PD versus MSA-P,
PD versus PSP, and MSA-P versus PSP, respectively, with
unique diffusion MRI measures and subcortical ROIs for each
group. The study also found excellent separation between PD
and ET. Given the recent finding of increased FA in the somato-
sensory cortex in PD [13], future analyses that include a cortical
ROI may further improve classification.

In summary, diffusion MRI in the SN and in other areas of
the brain is a promising potential biomarker for PD and other
forms of parkinsonism. It may also provide a powerful method
to distinguish PD from atypical parkinsonism and the atypical
parkinsonism disorders from each other, and can possibly
answer questions, such as the temporal order of structural
abnormalities that occur in parkinsonism, that cannot be an-
swered by neuropathology studies. Diffusion-related mea-
sures have been correlated with motor dysfunction and cog-
nitive performance in domains such as executive function,
language, and attention [5]. Diffusion MRI can be useful to
evaluate genetic forms of disease, to study specific symptoms,
and to complement other imaging and nonimaging modalities
to better understand the underlying pathophysiology and
network-level dysfunction.

Diffusion MRI in Other Movement Disorders

As in parkinsonism, diffusion MRI has been used to investi-
gate the structural and network underpinnings of other move-
ment disorders. Table 2 describes the articles published in the
last year involving diffusion MRI in the study of dystonia,
Huntington’s disease (HD), and ET. Additionally, the use of
diffusion MRI techniques in movement disorders surgery is
also described.

Dystonia

Although dystonia was traditionally considered a disease of
the basal ganglia, the pathophysiology of dystonia is now
thought to involve multiple levels of the neuraxis, with a loss
of motor inhibition as well as disordered sensory processing,
neuroplasticity, and somatotopic organization [43].
Neuroimaging studies have been crucial in the development
of a broader network model of dystonia pathophysiology that
includes the multiple brain regions that are likely involved in
its development. Structural abnormalities giving rise to sec-
ondary dystonia have been demonstrated throughout the
brain, and the results of nuclear imaging studies, functional
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MRI findings of brain activation patterns, and voxel-based
morphometry studies of regional GM volumes have differed
depending on the type of dystonia studied (for extensive
reviews including diffusion MRI studies, see Neychev et al.
[55¢] and Zoons et al. [56¢]).

Diffusion MRI has been useful in evaluating WM connec-
tivity and integrity in hereditary and idiopathic forms of dysto-
nia. In young-onset hereditary dystonia, the evolving notion of
the disease as a neurodevelopmental disorder involving path-
ways of the basal ganglia, cortex, and cerebellum has been
heavily influenced by diffusion MRI studies [57]. The earliest
diffusion MRI study in DYT! carriers (manifesting and
nonmanifesting carriers) found decreases in FA in the WM
underlying the sensorimotor cortex compared with age-
matched controls [58]. Subsequent studies [59] in DYT! and
DYT6 patients confirmed this finding and expanded the re-
duced FA findings to the dorsal pontine brainstem. One of the
most promising studies described to date [7] used probabilistic
tractography to show reduced probability of connectivity in the
proximal cerebellothalamic pathway near the dentate nucleus
in mutation carriers, with penetrance regulated by an additional
connectivity abnormality in the subrolandic WM of the
thalamocortical projections. The authors of the study hypothe-
sized that reduced penetrance in asymptomatic gene carriers
may be due to a protective effect of the thalamocortical path-
way disruption in altering the effect of the more caudal abnor-
mality. This report has been further strengthened by abnormal-
ities found in thalamocortical and cerebellocortical pathways in
torsin A DYTI knock-in mice [60°]. In addition to genetic
dystonia, abnormalities in diffusion MRI measures in focal
dystonias such as torticollis [61—64], writer’s cramp [65], and
spasmodic dysphonia [66] have also been described in the WM
connections of the pathways of the basal ganglia, cortex, and
cerebellum, suggesting an important role of these areas in gene-
negative primary dystonias.

In addition to the interest in the role of cerebellothalamocortical
connections in hereditary dystonia described above [7],
recent interest has also focused on collateralized pallidal con-
nections to the thalamus and brainstem and hemispheric dif-
ferences in diffusion MRI findings in gene-negative primary
focal dystonias [12, 67, 68]. In a 2006 study, Blood et al. [68]
compared patients with primary focal dystonia and healthy
controls and demonstrated increased hemispheric asymmetry
in FA in the WM fibers between the pallidum/putamen and the
thalamus. Further, this asymmetry was no longer different
from that in controls after botulinum toxin injections. Blood
[67] hypothesized that these differences might represent ab-
normal functioning of a distributed (and possibly lateralized)
postural control system that could result in dystonia. Recently,
Blood et al. [12] used diffusion MRI measures (FA and MD)
and probabilistic tractography to further investigate pallidal
connections to the brainstem in 12 DYT1-negative patients
with cervical dystonia and 12 healthy matched controls.

@ Springer

Focusing on the bilateral pallidum and ansa lenticularis as their
seed ROI, they found reduced FA in the WM near the left
superior cerebellar peduncle and increased FA near the left SN.
A reduced probability of connectivity was shown in the left
ansa lenticularis projections to the ipsilateral brainstem in dys-
tonia patients compared with controls, with the greatest differ-
ence demonstrated in the area between the ansa lenticularis and
the region of the red nucleus and SN. In the right hemisphere,
increased probability of connectivity was found in the connec-
tions between the pallidum and the brainstem.

In summary, diffusion MRI (and especially tractography) has
made major contributions to our current thinking regarding the
pathophysiology of dystonia, and has helped to expand our
focus beyond the basal ganglia to include related connections
to and between the brainstem, cerebellum, and cortex. These
studies have proposed models to explain reduced penetrance,
directed attention to possible hemispheric differences in the
disease, and fueled hypotheses incorporating dysfunction of
postural control in models of dystonia. Examination of the
similarities and differences between diffusion MRI abnormali-
ties in the various forms of dystonia may shed light on a shared
pathophysiology as well as how dystonia can be focal in pre-
sentation [56¢]. Diffusion MRI studies in patients treated with
botulinum toxin might elucidate the manner in which the toxin
exerts a central effect though motor afferent feedback, and may
suggest new treatment modalities. Expanding diffusion MRI
analyses to include dystonia-plus syndromes and secondary
dystonias may further elucidate characteristics that are shared
between and that differentiate the various dystonia subtypes.

Huntington’s Disease

HD is a neurodegenerative disorder that produces progressive
degeneration and volume loss of the striatum and other GM
and WM structures in a process that begins well before the
onset of clinical symptoms. The symptoms of HD are pro-
gressive and include motor dysfunction, cognitive decline,
and neuropsychiatric disturbances [43].

As would be expected from neuropathology data, conven-
tional and volumetric brain imaging have shown reductions in
the volumes of the striatum and putamen in symptomatic and
presymptomatic HD, as well as cortical GM loss and whole
brain atrophy in some studies [69]. These findings of volume
loss in the striatum have been confirmed in large multicenter
studies such as PREDICT-HD [70] and TRACK-HD [71], and
caudate volume abnormalities have been correlated with cog-
nitive function, repeat length, and age of manifestation of
clinical symptoms [51]. However, not all T1-weighted struc-
tural imaging studies have yielded consistent results [72].

A number of studies have investigated diffusion characteris-
tics in symptomatic and preclinical HD [73—-82], demonstrating
microstructural changes in multiple areas of the brain (for a
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comprehensive review, see Esmaeilzadeh et al. [83¢]). Some
caution has, however, been raised that the changes in FA reported
in some of these studies might be due to misregistration of
images due to neurodegenerative changes [72], and diffusion
MRI findings have also not been consistent across all studies
[50]. Among the studies that have looked at diffusion MRI
measures longitudinally, some studies [84] have found worsen-
ing abnormalities in diffusion MRI measures over time, whereas
some have not [85]. Many of the diffusion MRI scalar abnor-
malities have been shown to correlate with clinical features
[84-86]. Unified Huntington’s Disease Rating Scale score has
been shown to correlate with MD in the corpus callosum in an
area demonstrated by tractography to connect to premotor and
supplementary motor areas, and radial diffusivity in areas of the
corpus callosum projecting to the prefrontal cortices has also
been demonstrated to correlate with cognition [82]. In
tractography studies of presymptomatic HD patients, a reduction
of streamlines directed to the caudate was demonstrated, with the
degree of impairment of voluntary saccades correlating with
fewer fiber tracking streamlines between the caudate and the
frontal cortex [87].

The studies using diffusion MRI techniques to study HD
published within the past year have spanned human and
animal models of the disease, and have included established
as well as new diffusion MRI techniques in a variety of
different areas of the brain. The first diffusion MRI study
[49] of quinolinic acid induced excitotoxicity, a commonly
used lesioning model of HD in rats [88], found that diffusion
MRI discriminated between rats that developed cortical le-
sions from those that did not secondary to lesioning. In addi-
tion, diffusion MRI measures were more sensitive than histol-
ogy in detecting microstructural changes in the caudate, puta-
men, and internal and external capsules, complementing data
from the same group [89], who presented the first diffusion
MRI data in a transgenic mouse model of HD.

One study [51] combined motor and cognitive measures
with diffusion MRI and volumetric analysis in patients with
and without symptoms and healthy controls and found the
highest level of discriminative accuracy (78 %) was attained
when motor and cognitive scores were added to neuroimaging
measures. This level of accuracy was slightly higher than that
(76 %) found using machine learning approaches and voxel-
based volumetric analysis [90]. Another study [47] found that
motor and cognitive tasks were correlated with abnormal
diffusion MRI measures in multiple areas of GM and WM,
suggesting that dysfunction in extrastriatal areas of the brain is
related to clinical manifestations in a region-specific manner.
Dumas et al. [50] found more widespread diffusion MRI
abnormalities in early-manifesting HD compared with
premanifesting HD, with correlations between diffusion
MRI and clinical measures. A study [52] that examined dif-
fusion MRI measures in the subregions of the prefrontal
cortex in presymptomatic HD patients and controls found that

diffusion MRI abnormalities largely followed “disease bur-
den” as defined by the age-CAG length calculation, and a
recent tractography study [53] examined symptomatic HD
patients and healthy controls and developed detailed maps
and percentages of reduced inferred connectivity from the
striatum to the cortex.

In summary, diffusion MRI has the potential to contribute
to the study of HD on a number of different fronts. Although
genetic testing generally negates the need for a biomarker for
diagnosis, a quantitative method of monitoring disease pro-
gression would be useful should more effective treatment
options become available [69, 91]. It could potentially allow
objective investigation into the relationship between specific
clinical findings and microstructural changes and function as a
means of predicting the time to symptom onset and monitor-
ing disease progression [51]. Combining diffusion MRI mea-
sures with other neuroimaging measures, as well as clinical
data, might be better than diffusion MRI alone. As the se-
quence of pathogenic events that occur in HD remain poorly
understood [92], specific measures of diffusion MRI may be
useful as in vivo representations of these processes, and are
being investigated as such [84]. In addition, diffusion MRI
studies in animal models of disease may also be useful in
developing novel connectivity-based markers of HD-related
pathological processes [92].

Essential Tremor

Compared with other movement disorders, relatively few
studies investigating ET with diffusion MRI have been pub-
lished. The first report that used diffusion-weighted imaging
to study patients with ET used an ROI approach and found no
differences in MD values between ET patients and normal
controls in the cerebellum, basal ganglia, and frontal WM
[93]. Subsequent studies using diffusion MRI found reduced
FA in areas of the cerebellum, pons, and the WM of the
midbrain and cerebral cortex in a voxel-wise analysis [94]
and reduced FA in the dentate nucleus and the superior cere-
bellar peduncle (along with increased MD), with no overlap in
FA values between patients and controls in the dentate nucleus
[95]. A 2011 study found an increase in MD in the red nucleus
but no differences in FA among the basal ganglia, thalamus,
red nucleus, and SN of ET patients compared with controls
[96]. Another group the same year [97] showed increased MD
in the bilateral inferior cerebellar peduncle, adjacent to the left
parieto-occipital sulcus, and in bilateral frontal and parietal
WM, with decreased FA in the right inferior cerebellar pedun-
cle and a correlation between tremor scores and MD values in
some WM regions in patients with ET.

Two articles have reported use of diffusion MRI techniques
in the study of ET within the past year [6, 54]. The first of
these [6] used TBSS and ROI analysis of specific WM tracts
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in 22 patients with definite or probable ET and 17 normal
matched controls. TBSS showed increased asymmetric MD
changes and increased axial diffusivity throughout the bilat-
eral cortical WM, potentially suggesting axonal damage. No
correlations were found between diffusion MRI measures and
tremor severity or disease duration. The most recent work [54]
to analyze diffusion MRI measures in ET did so as part of a
study to evaluate cerebellar WM in familial cortical myoclonic
tremor with epilepsy, showing that mean FA was significantly
decreased in patients with familial cortical myoclonic tremor
with epilepsy compared with the other groups, but FA was not
different between ET patients and controls.

In summary, the body of diffusion MRI literature in ET is not
as developed as in other movement disorders, which may be due
to both a smaller study number and the nature of the disease. The
syndrome of ET itself is likely more heterogeneous [98], and the
abnormalities present in ET might be subtler and more difficult
to identify. Despite these challenges, a number of useful obser-
vations have been made to guide future research. Studies that
focus on the cerebellum might be best approached with ROI
analysis, as involvement of these regions is guided by strong
hypotheses and data from the greater literature and thus they
may produce more robust results than voxelwise comparisons
[97]. Laterality of tremor and handedness may also be important
factors, and should be carefully considered in future studies [6],
and certainly larger sample sizes are needed. Although some the
findings of some reports have been interpreted as supporting the
notion of ET as a neurodegenerative disease [94], it is important
to consider that microstructural WM abnormalities suggested by
diffusion MRI do not differentiate between changes due to a
neurodegenerative process and those that might occur secondary
to ongoing abnormal oscillatory activity in a tremorogenic net-
work. Further correlation with neuropathology data might shed
light on the underlying microstructural changes that the diffusion
MRI abnormalities represent in the ET brain.

Diffusion MRI in Movement Disorders Surgery

The ability to represent structural connectivity in vivo makes
diffusion MRI an ideal adjunctive tool for deep brain stimulation
(DBS) surgery for movement disorders, and diffusion MRI will
likely be increasingly used in the planning of DBS surgical
procedures in the future [11]. As DBS technology advances,
the ability to target specific subregions of GM in a given
individual for stimulation will be important in optimizing clini-
cal benefit and minimizing side effects [99, 100]. Diffusion MRI
is already being used to investigate interindividual variability in
DBS targeting [101] in patient-specific partitioning of thalamic
areas on the basis of the probability of connectivity with motor
cortices [102], a concept that has been validated [103] and for
which refinement of methods is continuously being sought
[104]. Further, as WM tracts may sometimes be more ideal
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targets for neurostimulation than GM structures, diffusion MRI
may allow direct targeting of WM pathways [105].
Tractography studies guided by effective DBS placement can
be used as a starting point to elucidate network connectivity such
as in tremor [106¢].

Conclusions

Diffusion MRI has evolved into an invaluable tool in the study
of movement disorders, and is used in studies of disease states,
connectivity between brain regions, and brain development [3].
In a variety of disorders, diffusion MRI is showing promise as a
biomarker of disease, which is encouraging since MRI is
noninvasive, is widely available, and generates reproducible
data that can be analyzed offline if required [107]. However, in
the absence of standardized techniques, variability in methods
of acquisition, image processing, and analysis can affect the
reproducibility of findings. The sensitivity and specificity of
potential diffusion MRI biomarkers may vary throughout the
course of the disease [74], and the future role of diffusion MRI
as a biomarker could be as part of a battery of tests. Future
studies will help to determine the degree to which diffusion
MRI measures can serve as a proxy for disease presence and
progression in movement disorders.
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