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Abstract

Background: Essential tremor (ET) is a common slowly-progressive neurologic disorder. It is predominantly characterized by kinetic
tremors involving bilateral upper limbs. Although ET shares motor similarities with Parkinson disease (PD), there is no known relation-
ship between ET and PD. Methods: We studied white matter differences between 17 ET and 68 PD patients using standard diffusion
tensor imaging and fixel-based analysis (FBA). Diffusion magnetic resonance imaging data were acquired from two scanners (General
Electric (GE) and Philips) with different numbers of diffusion directions. Fractional anisotropy maps were generated by the Oxford Cen-
tre for Functional Magnetic Resonance Imaging of the Brain (FMRIB) Software Library (FSL), and FBA was performed using MRtrix3
to obtain fiber density, fiber bundle, and fiber density bundle cross-section. Results: Compared with PD, significantly lower values of
fiber density, fiber bundle, and fiber density bundle cross-section were found in the corpus callosum and left tapetum of the ET group.
Additionally, significantly lower functional anisotropy values were found in the ET compared to the PD group, principally in the corpus
callosum, corona radiata, and cingulum. In conclusion, differences in white matter integrity between ET and PD were observed by both
FBA-based metrics and diffusion tensor imaging. Conclusions: Advanced diffusion-based metrics may provide a better understanding
of the white matter microstructural characteristics in disparate motor-associated diseases with different underlying phenotypes, such as
ET and PD.
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1. Introduction motor symptoms can lead to ambiguity in diagnosis, further

h d by th ibility of t di .
Parkinson disease (PD) and essential tremor (ET) are ampereg by te possibiiity of concutrefit disease

some of the most common movement disorders. In indi-
viduals older than 65, the estimated prevalence of ET and
PD is 5% and 1.8%, respectively [1]. ET is predominantly
characterized by kinetic or postural tremors involving bi-
lateral upper limbs [2], while PD is characterized by asym-
metric resting tremors, rigidity, and bradykinesia [3]. Addi-
tionally, PD is often associated with significant non-motor
symptoms such as depression, anxiety, cognitive impair-
ment, and sleep dysregulation. Although non-motor symp-
toms are increasingly reported as concomitant clinical fea-

The pathophysiology of PD is well studied and linked
to neurodegeneration, but the pathophysiology of ET re-
mains controversial. Magnetic resonance imaging (MRI)
biomarkers may lend insight into the underlying pathophys-
iology of ET and PD. To that end, a better understand-
ing of the pathological changes between ET and PD may
aid in the differential diagnosis as well as in understand-
ing the unique features of these movement disorders. MRI
biomarkers based on diffusion properties have previously
been employed to assess white matter changes associated

tures of ET [4—6], some studies have shown no such associ-
ation [7], suggesting that the pathophysiological relevance
of non-motor symptoms in ET is still unclear. While ET
and PD are considered distinct diagnostic entities, the co-
existence of these pathologies within individuals has been
reported. Some studies have further suggested that ET may
be a risk factor for PD, conferring up to a 5-fold increase in
risk [8,9], although this has not been substantiated in other
studies [10—12]. Regardless, overlapping motor and non-

with ET [13-15] and PD [16,17].

Diffusion MRI (dMRI) measures the diffusion of wa-
ter molecules in brain tissues, which can occur either with-
out restriction (isotropic diffusion) or limited by obstacles,
such as cell membranes (anisotropic diffusion). Diffusion
tensor imaging (DTI) allows for microstructure-sensitive
metrics, such as fractional anisotropy (FA) and axial and ra-
dial diffusivities (AxD and RD, respectively), to be derived.
FA represents the directionality of the water diffusion [18]
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and provides the degree of anisotropy of the diffusion ten-
sor. Biologically, FA is often considered a direct marker
of white matter integrity and is related to several factors,
including axonal count and density, degree of myelination,
and fiber architecture. The diffusivity parameters AxD and
RD represent the water diffusivity along and perpendicular
to the principal axis, respectively [19]. AxD is generally
associated with axonal damage, while RD has been associ-
ated with myelin integrity, axonal diameter and density, and
fiber coherence [20,21]. However, it is important to note
that the interpretation of these DTI-related metrics may be
altered in neuropathology, reflecting the differential evo-
lution of pathophysiological changes (e.g., axonal damage
and loss, demyelination) across disease types and disease
progression [22-24].

Previous studies using DTI in ET have generally
shown higher mean diffusivity (MD) and lower FA val-
ues compared to controls, with changes occurring predom-
inantly in the cerebellum and brainstem, as well as in cere-
bral white matter tracts [25,26]. While DTI metrics in
PD have shown heterogeneous patterns in early PD [27],
clearer trends of increasing MD and decreasing FA have
been observed longitudinally and in the later stages of the
disease [28]. Direct comparisons between ET and PD have
shown white matter changes in the cerebello-thalamic cor-
tical pathways involving the visual network [29].

Standard single-tensor DTI is a common model for
studying white matter microstructural integrity; however,
this method has several limitations. Notably, it cannot re-
solve different single-fiber orientations within each voxel.
The inability of DTI to resolve intravoxel fiber orienta-
tions can impact both DTI metrics (FA, AxD, and RD)
and tractography [30]. As a result, it is increasingly rec-
ognized that the direct biological interpretation of DTI-
based metrics is hampered by the complex white matter
fiber geometry in the brain [31,32]. To overcome this lim-
itation, more advanced dMRI models have been proposed
to resolve multiple fiber populations inside a single voxel
[33]. Fixel-based analysis (FBA) is an advanced diffu-
sion model that estimates microstructural changes of in-
dividual populations of specific fiber bundles on a micro-
scopic level [34], where ‘fixel” describes a fiber population
within a voxel. Physiologically, FBA-derived metrics are
thought to represent intra-axonal volume changes associ-
ated with specific fiber populations (fiber density, FD) and
macroscopic cross-sectional sizes of individual fiber bun-
dles (fiber-bundle cross-section, FC) [35]. These metrics
reflect on pathophysiological processes such as fiber loss or
atrophy and thus allow for direct assessment of microstruc-
tural changes on a sub-voxel level [36].

In this retrospective study, we compared white mat-
ter microstructural differences between ET and PD cohorts
with moderate to severe disease. Standard DTI-based FA
was assessed for comparison with previous studies, while
advanced FBA metrics were assessed to probe white mat-

ter microstructural differences between these groups. Our
goal was to investigate regional differences in white matter
microstructure between these two movement disorders.

2. Materials and Methods
2.1 Participants

This retrospective study was approved by the local In-
stitutional Review Board (IRB), and a waiver of informed
consent was obtained. The study consisted of a cohort of
patients who underwent MRI as part of deep brain stimu-
lation (DBS) surgery planning at Barrow Neurological In-
stitute. As such, participants were well characterized and
diagnosed with either ET or PD by a neurologist special-
izing in movement disorders based on the consensus cri-
teria [37,38]. Additionally, all participants were screened
to meet the criteria for advanced disease in that they had
failed and/or maximized pharmacotherapy; had functional
limitations from the severity of their motor symptoms; and
had a disease duration long enough to rule out atypical
pathologies, thus qualifying them for advanced therapeutic
interventions, i.e., DBS. Those with advanced mild cogni-
tive impairment and dementia based on neuropsychologi-
cal testing were excluded. Data were acquired as part of
the clinical standard of care over 3 years between 2017 and
2020. Inclusion criteria were age over 18 and availability of
dMRI data on the institutional picture archiving and com-
munication system (PACS). Patients’ data were excluded if
they were diagnosed with dementia.

A total of 85 participants were included in this study;
17 (4 females) had ET and were an average of 69 (8.3 S.D.)
years old. 68 (20 females) had PD and averaged 67 (9.5
S.D.) years old. Disease duration was 13.0 (14.3 S.D.) years
for the ET cohort and 8.4 (3.6 S.D.) for the PD cohort.
Clinical assessments were performed for each patient and
included disease severity (PD only) using the motor score
(Part 3) from the MDS-Unified Parkinson’s Disease Rat-
ing Scale (UPDRS). Tremor severity for ET was not docu-
mented as part of the clinical care; however, all patients in
the ET cohort had moderate-to-severe tremors as assessed
by a fellowship-trained neurologist specializing in move-
ment disorders (a requirement for DBS surgery at our insti-
tution). Complete participant characteristics are reported in
Table 1. (Ref. [15,39,40]).

2.2 MRI Acquisitions

MRI data were collected at 3 Tesla using either Gen-
eral Electric (Signa HDxt, GE Medical Systems, Milwau-
kee, WI, USA) or Philips (Ingenia, Philips Medical Sys-
tem, the Netherlands) scanners as part of the presurgical
standard of care. For General Electric (GE), dMRI was
performed using 25 diffusion-encoding directions (b-value
= 1000 s/mm?, repetition time (TR)/ echo time (TE) =
10000/82.7 ms, matrix = 256 x 256, voxel sizes = (1.17
x 1.17 x 3.00) mm, acceleration factor R = 2 in the phase
encoding direction) with one non-diffusion weighted acqui-
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Table 1. Complete participant characteristics.

Group N (F) N.GE-scanner AGE (SD) years Motion (SD) Removed (F) N analyzed (F) MDS-UPDRS Disease duration
mm (motion >5 motor score (years)®
mm) (SD) [#]
ET 17 (4) 6 68.8 (8.3) 1.14 (1.85) 1(0) 16 (4) - 13.0 (14.3) [15]
PD 68 (20) 21 66.5 (9.5) 0.92 (1.32) 6(1) 62 (19) 41.94 (15.00) 8.4 (3.6) [40]
[39]
Student #-test - - t=0956;p= t=0.502;p= - - - t=2.249;p=
0.342 0.617 0.027

Abbreviations: N, number; F, females; MDS-UPDRS motor score, MDS-Unified Parkinson’s Disease Rating Scale motor score (Part 3,
available only for 53 PD patients); N.GE-scanner, number of participants scanned on the GE scanner; GE, General Electric; SD, standard

deviation; ET, Essential tremor; PD, Parkinson disease.

2Disease duration (in years) available for 15 ET and 61 PD patients; #, total number.

sition (b0 image). For Philips, dMRI was performed using
32 diffusion-encoding directions (b-value = 2000 s/mm?,
TR/TE = 8000/118 ms, matrix = 192 x 192, voxel sizes =
(1.35 x 1.35 x 3.00) mm, acceleration factor R = 2 in the
phase encoding direction) with one non-diffusion weighted
acquisition (b0 image).
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Fig. 1. Interpretation of FBA-derived measurements. (a) The
fiber bundle inside a voxel in a theoretically healthy person. Fixel-
based analysis (FBA) changes associated with (b) reduced appar-
ent fiber density inside a voxel, (c) reduced fiber bundle cross-
section inside a voxel, and (d) reduced fiber density bundle cross-
section inside a voxel. (Reproduced with permission from Raffelt
DA, Investigating white matter fibre density and morphology us-
ing fixel-based analysis. 2017 [46]).

2.3 Data Processing

All dMRI were converted to NIFTI format us-
ing dem2niix (https://github.com/rordenlab/dcm2niix) and
were pre-processed using MRtrix3 (https://www.mrtrix.o
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rg/) [41], Functional Magnetic Resonance Imaging of
the Brain (FMRIB) Software Library (FSL) (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FSL) [42], and the Advanced
Normalization Tool (ANTs; http://stnava.github.io/ANTSs/).
The dMRI pre-processing steps included (a) denoising by
dwidenoise (MRtrix3), (b) alignment and eddy-currents
corrections by eddy (FSL), and (c) bias field correction
(ANTs). The eddy QC tools were used to evaluate the qual-
ity of each dMRI dataset. Using the eddy and eddy QC tools
(FSL), we assessed the head motion of each participant dur-
ing the dMRI acquisition. The image slices with signal loss
caused by the participant’s movement coinciding with the
diffusion encoding were detected and replaced by predic-
tions made by a Gaussian process. To increase anatomi-
cal contrast and improve downstream template generation,
registration, tractography, and statistics, the dMRI was up-
sampled to 1.25 mm by mrgrid (MRtrix3); subsequently,
the brain extraction on the up-sampled b0 images was com-
puted by dwi2mask (MRtrix3). FA maps were generated
by dtifit (FSL) with a weighted least squares fit [43]. Be-
fore voxel-based analysis, all FA maps were normalized to
the Montreal Neurological Institute (MNI) 1 mm standard
space using ANTs symmetric image normalization (SyN)
coregistration [44].

FBA processing was performed as recommended in
the MRtrix3 documentation. Briefly, the following steps
were performed: (a) estimation of the fiber orientation
distribution (FOD) in each voxel using multi-tissue con-
strained spherical deconvolution [45]; (b) creation of a
study-specific, unbiased FOD template with all participants
with PD and ET, in order to (c) warp all participant FOD
images to this FOD template; (d) template mask and white
matter template mask creation; followed by (e) calculation
of apparent FD and FC within each voxel. Additionally,
the combined measure of FD and cross-section (FDC) was
derived by multiplying FD and FC (Fig. 1) [46].
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2.4. Statistical Analysis

Age and MDS-UPDRS are presented as mean and
standard deviation (S.D.) for each group. The Student’s
t-test was used to evaluate age differences between the
groups.

Each voxel of the FA maps was fit to a linear model
using FSL Randomise [47]. FBA at the voxel level was
performed using connectivity-based fixel enhancement and
non-parametric permutation testing through MRtrix3 fixel-
cfestats [34]. For both analyses, we used 5000 permuta-
tions with the threshold-free cluster enhancement (TFCE)
method for DTI analysis [48] and the connectivity-based
fixel enhancement (CFE) method for FBA [49], with cor-
rection for multiple comparisons via family-wise error
(FWE) rate at the voxel level (significance at FWE <0.05).
Age, sex, and scanner were used as covariates in the anal-
ysis. Effect size (Hedge’s g) was also calculated for both
analyses by an in-house R script v. 3.6.3 (https://www.r-p
roject.org) (significance at g >|0.80|, representing a large
effect size). A secondary analysis was performed for GE
and Philips scanners to ensure the results were not driven by
differences in dMRI protocol or scanner. The large effect-
size cutoff for each scanner was computed by G*Power
v.3.1 (https://www.psychologie.hhu.de/arbeitsgruppen/allg
emeine-psychologie-und-arbeitspsychologie/gpower) (o =
0.05, power = 0.85; g >1.00 for Philips and g >1.35 for
GE) (see Supplementary Materials).

The resulting significant clusters, in MNI space for FA
and template space for FBA, from group comparisons and
correlations were labeled using the ICBM-DTI-81 white
matter labels atlas [50].

3. Results

Participant characteristics are summarized in Table 1.
No significant differences in head motion were detected be-
tween PD and ET (¢ = 0.502; p = 0.617) patients; however,
1 ET and 6 PD patients were excluded from the analysis
due to substantial motion during the dMRI scan (motion
>5 mm); therefore, a total of 78 participants (16 ET and
62 PD) were included in the final analysis. From the #-test,
PD and ET groups (from the participants included in the fi-
nal analysis) did not differ significantly in age ( = 0.956; p
= (0.342), but they did differ in disease duration (¢ = 2.249;
p=0.027).

Differences between the 2 groups detected by DTI
through the FA index are shown in Fig. 2. Through FWE
and effect-size analysis, several significant clusters in white
matter were found where the ET group had lower FA values
than the PD group. Table 2 reports the complete list of clus-
ters detected by FA analysis, with their volume percentage,
t, and g values. FA analysis showed large clusters of dif-
ference in the corpus callosum (CC) (volumes: ~29% and
~16% for FWE and effect size, respectively) and in the left
tapetum (volumes: ~51% and ~35% for FWE and effect
size, respectively).

Table 2. Significant clusters of differences detected by FA®?.
FA FWE <0.05 FA g >0.80

ICBM-DTI 81 Vol % t Vol% g

Genu of corpus callosum 31.00 2.973 19.67 0.976
Body of corpus callosum 4493 2.624 2421 0.852
Splenium of corpus callosum 1141 2.542 4.89 0.836
Anterior limb of internal capsule L 29.62 2.829 22.73 0.904
Anterior corona radiata R 25.57 2.489 10.13 0.823
Anterior corona radiata L 41.02 2.620 14.75 0.883
Superior corona radiata R 12.99 2412 3.16 0.800
Superior corona radiata L 7.07 2455 225 0.820
Posterior corona radiata L 455 2452 3.53 0.864
Posterior thalamic radiation L 12.14 2.587 10.11 0.921
External capsule L 9.18 2.774 6.80 0.882
Cingulum (cingulate gyrus) R 29.72 2517 436 0.870
Cingulum (cingulate gyrus) L 37.73 2.562 31.59 0.894
Cingulum (hippocampus) L 0.26  2.240 - -

Superior longitudinal fasciculus R 0.68  2.303 - -

Superior longitudinal fasciculus L 0.21  2.505 0.15 0.854
Tapetum R 1.51  2.198 - -

Tapetum L 50.67 2.928 35.33 0.944

Abbreviations: g, mean effect-size values inside the clusters; t,
mean of the t values inside the clusters; Vol%, volumes (in %)
covered from the cluster inside the corresponding white matter
atlas area.

2FA showed large differences between the 2 groups in the CC
and left tapetum.

bIn bold, the white matter areas with a large % of the volume of
the significant cluster for both FWE and effect-size analysis.
FA, fractional anisotropy; FWE, family-wise error.

Fig. 3 shows the differences in FBA (FWE and ef-
fect size) between the 2 groups. For all metrics, significant
clusters of differences between the 2 groups (top sub-panels
of (a)-(c)) were found mainly in the CC (x=9%, ~8%, and
~18% of the volume of the CC for FD, log FC, and FDC,
respectively) and left tapetum (volumes: ~16.5%, ~4.5%,
and ~56% for FD, log FC, and FDC, respectively). These
results were also confirmed by the effect size (bottom sub-
panels). Additionally, for log FC, the effect-size analysis
showed a large difference (with g >0.80) between the 2
groups in the cerebral peduncle (see Table 3 for complete
regional results). Compared with the PD patients, we found
lower values of all FBA-related metrics in the ET patients.

As a secondary analysis to confirm that the scanner
covariate did not drive the group-wise results, Supplemen-
tary Fig. 1 and Supplementary Table 1 show the re-
sults from the same statistical analysis for FBA for GE and
Philips scanners separately. Similar regional trends are ob-
served for Philips (top sub-panels) and GE (bottom sub-
panels) for each FBA metric ((a)-(c)), and in general, these
trends match those of Fig. 2 and Table 2. Notably, differ-
ences between groups in the CC and left tapetum were con-
firmed for both combined and separate analyses.
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Fig. 2. For FA, significant clusters at FWE <0.05 and g >0.80 were found in several white matter areas. Compared with PD,

the ET patients showed lower FA values. In the figure, the top sub-panel image represents the FWE analysis, and the bottom sub-panel

image represents the effect size. PD, Parkinson disease; ET, essential tremor; FA, fractional anisotropy.

4. Discussion

In this study, we evaluated white matter tract differ-
ences between a well-characterized clinical cohort of ad-
vanced ET and moderate-to-severe PD using a novel fixel-
based method. FBA overcomes several limitations associ-
ated with standard DTI; most notably, DTI cannot differ-
entiate multiple sub-voxel fiber orientations often present
in crossing fibers, which may lead to inaccurate DTI met-
rics. Additionally, FBA allows for the estimation of differ-
ent orientations of fibers within a voxel, yielding metrics re-
flecting FD, FC, and a combination of these measures. For
comparison, results from standard DTI are also presented.
With standard DTI-based FA, widespread non-specific dif-
ferences were observed between ET and PD groups, with
many changes occurring more superior and anterior. On
the other hand, results from FBA demonstrated significant
differences were primarily concentrated in posterior regions
of the corpus callosum, as well as the cerebral peduncle and
left tapetum.

Understanding the advanced stages of the disease, par-
ticularly in patients seeking neurosurgical interventions,
may reveal unique regional vulnerabilities in white matter
pathways that may be a factor underlying treatment out-
comes with DBS in tremors. A previous study by Jut-
tukonda et al. [29] considered DTI-based changes in a simi-
lar cohort of ET and PD patients presenting for DBS. In that
study, the authors found lower FA in ET patients compared
to PD patients in white matter tracts posteriorly along the
cerebello-thalamo-cortical network, as well as in the sple-
nium of the corpus callosum and tapetum. These results are
consistent with our results showing lower FA in ET than
PD group, including in the tapetum; however, our stan-
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dard DTI-based FA showed greater involvement of ante-
rior cortical projections, including the genu/body of corpus
callosum, anterior corona radiata, and cingulum (cingulate
gyrus). Interestingly, the FBA results showed posterior-
dominant involvement, most notably in the splenium of the
corpus callosum and tapetum, which anatomically aligns
with the prior study. Taken together, the previous find-
ings of lower FA and higher RD and the current findings
of reduced FD and FDC may indicate demyelination pro-
cesses in the splenium and tapetum of ET patients. How-
ever, caution is warranted in directly interpreting dMRI
metrics, as these metrics may reflect complex biological
processes that cannot be fully modeled [36]. Nonetheless,
the findings of white matter microstructural differences be-
tween ET and PD groups are strongly bolstered by consis-
tent findings replicated across studies and populations. Fur-
thermore, these findings support the hypothesis that a vul-
nerable white matter pathway may exist in ET.

The involvement of the corpus callosum in PD has
been previously noted in several studies. Compared to
healthy controls, PD patients have shown decreased FD in
the corpus callosum with increased FD in the corticospinal
tract, possibly reflecting a compensatory process [51]. Ad-
ditionally, decreased FDC has been observed longitudinally
in the splenium in PD patients, as well as in the tapetum
[52]. To our knowledge, no studies have previously inves-
tigated FBA-based changes in ET; however, standard DTI
has shown variable results in comparisons between ET and
healthy controls. For example, 2 studies in ET revealed
significant differences in diffusivity measures in the cere-
bellum [53] and red nuclei [15] but no corresponding FA
differences. On the other hand, decreased FA has been ob-


https://www.imrpress.com

34
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3.08 6.

Fig. 3. For FBA, significant clusters at FWE <0.05 and g >0.80 were found for FD, log FC, and FDC metrics. (a) FD, (b) log
FC, (c) FDC. Compared with PD, the ET patients showed lower values in different parts of the white matter for all metrics. For each
metric, the top sub-panel images represent the FWE analysis, and the bottom sub-panel images represent the effect size. FBA, fixel-based

analysis; FD, fiber density; FC, fiber-bundle cross-section; FDC, fiber density bundel cross-section.
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Table 3. Significant clusters of differences detected by FBA“.

FD FWE <0.05 FD g >0.80

log FC FWE <0.05

log FC g >0.80 FDC FWE <0.05 FDC g >0.80

ICBM-DTI 81
Body of corpus cal-

Vol % t
2.40 3.875

Vol %
0.52

Vol % g
8.07  0.956

losum

Splenium of corpus  14.24  4.843 10.80  0.951 1547

callosum

Medial lemniscus R - - - - -

Superior cerebellar - - - - -

peduncle R

6.28

Cerebral peduncle L - - - - R

0.59

Cerebral peduncle R - - - -

Posterior limb of in- - - - -
ternal capsule R

Posterior limb of in- - - - - R
ternal capsule L

Superior corona ra- - - 0.17 0.859 -
diata R

Superior corona ra- - -
diata L

Posterior corona ra- - - - - R
diata L

Sagittal stratum L

0.15 0.828 -

0.76 3.647 0.45  0.807 -
Cingulum (cingulate - - - - -
gyrus) R

Cingulum (cingulate - - - - -
gyrus) L

16,50  3.504 13.00 0.854

Tapetum L 4.50

Vol % t
10.68 3.148

t Vol % g
3.407 441 0.895

Vol % g
16.24 0.941

3.294 18.39 0914 2547 3.788 27.68 1.083

- 7.54
- 0.50

0.884 - - - -
0.820 ; ; . ]

3.075 13.48
- 5.84
3.107 0.85

0.857 - - - -
0.878 - - - -
0.822 - - - -
- 2.35 0.866 - - - -
2.687 0.893
0.893
2411 - -

2.96
0.30

2.926
2.821

1.61
1.62

0.909
0.861

0.22 2.644 - -

2.986 2.67 0.853  56.33 2.595 38.67 0914

Abbreviations: g, mean effect-size values inside the clusters; t, mean of the t values inside the clusters; Vol%, volumes (in %) covered from the

cluster inside the corresponding white matter atlas area.

@For all metrics, large differences between the two groups were found in the CC and left tapetum.
FD, fiber density; FC, fiber-bundle cross-section; FDC, fiber density bundle cross-section.

served using a white matter skeletonized approach in the
corpus callosum and cortical spinal tract, as well as in the
frontal, occipital, and temporal white matter [54]. Although
the present study did not compare to healthy controls, our
results suggested differences in white matter integrity in the
corpus callosum.

Interestingly, few similarities were observed between
regions identified by FA and FBA-based metrics. Although
the same underlying data with inherent sensitivity to white
matter microstructure are used for both analyses, the model
used for each is fundamentally different. As noted above,
DTI models a single component within each voxel, while
FBA can resolve multiple fiber populations within each
voxel. Recent studies have suggested that the majority of
cerebral white matter (up to 90% [39]) contains multiple
fiber bundles, which may lead to erroneous inferences us-
ing DTI-based FA alone [32]. For example, we recently
demonstrated that an observed paradoxical increase in FA
in Alzheimer disease (conventionally interpreted as higher
white matter integrity) could be rather attributed to sub-
voxel neurodegeneration; by correcting for this factor, the
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resulting FA changes were more consistent with known
Alzheimer disease pathology [55]. Interestingly, increased
FA remained after correction in several regions, including
the cortical spinal tract; using an advanced anisotropy met-
ric (the mode of anisotropy), we showed that these changes
were indicative of degeneration in crossing fiber popula-
tions that are not accounted for by free-water correction.
On the other hand, FBA estimates tissue microstructure for
multiple compartments using constrained spherical decon-
volution, which has previously been shown to provide re-
liable and stable measurements over time [56]. As a re-
sult, FBA is likely more reliable in assessing white matter
changes in voxels with multiple fiber populations. Other
studies comparing DTT and FBA metrics in various patholo-
gies have similarly shown disparate results, suggesting that
these models may detect different underlying microstruc-
tural changes [57,58].

The FBA framework provides an advanced analysis
pipeline for assessing fiber-specific features associated with
white matter in the brain. These features are extracted
from dMRI data, allowing the FBA framework to over-
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come many known challenges associated with more con-
ventional DTT analysis. The currently recommended dMRI
protocol for FBA analysis is acquisitions with greater than
45 directions and b-values greater than 3000 s/mm? [36].
This protocol increases specificity to intra-axonal signal
and the ability to robustly resolve individual white matter
FODs. Despite these recommendations, it is technically
feasible to perform FBA on dMRI with fewer directions
and/or lower b-values; based on a recent review, 8% of stud-
ies performed FBA with less than 30 directions, and nearly
60% performed FBA with b-values less than 2500 s/mm?
[36]. The predominant effect of suboptimal acquisitions
is the bias in the measured FD values due to signal con-
tributions from the extra-cellular space outside the axons
[36], which may limit the biological interpretation of FBA-
based metrics. However, previously published FBA-based
studies with a b-value of 1000 s/mm? have shown conclu-
sive results [59,60]. In the current study, we performed
a secondary analysis for each scanner independently, al-
lowing comparisons between FBA from b = 1000 (low b-
value, GE) and b=2000 (high b-value, Philips) acquisitions
(Supplementary Fig. 1). These results were similar and
thus corroborated the combined results. Nonetheless, our
findings regarding FBA in the PD and ET groups should be
interpreted cautiously.

There are limited studies assessing unique patholog-
ical processes in ET compared to other movement disor-
ders such as PD. Interestingly, the ET group in our analysis
showed lower FA compared to the PD group, suggesting
disruption of white matter pathways. Pathological under-
standing of ET is limited, with changes in cerebellar Purk-
inje neurons primarily reported by some groups [40,61,62].
Other groups have refuted these findings and have demon-
strated a lack of cerebellar involvement [63—65]. Although
our findings did not demonstrate cerebellar group differ-
ences, this may be attributed to sample size or methodolog-
ical differences. It should be noted that the disease stage of
both groups is more advanced, reflecting the typical popula-
tion referred for DBS. Although the exact mechanism is un-
known, differential white matter changes between ET and
PD have been observed previously [29] and are confirmed
herein. Future work should investigate the association of
these white matter changes with neurofunctional scores in
PD and ET, thus allowing a better understanding of the role
of white matter abnormalities on both motor and non-motor
symptoms.

In addition to white matter, microstructural changes
observed using dMRI and white matter hyperintensities
(WMH) are commonly observed in aging populations [66].
They may be associated with a range of neurodegenerative
diseases, including both PD [67] and ET [68]. dMRI stud-
ies have shown that WMH are associated with reduced FA,
reflecting decreased white matter integrity [68]. Addition-
ally, WMHs may be associated with cortical microstruc-
tural changes [69], suggesting an interplay between white

matter (WM) and gray matter neurodegenerative processes.
Differences in WMH burden could contribute to the group-
wise differences observed herein, and future studies should
investigate the impact of WMH on dMRI biomarkers across
groups and whether these changes extend beyond WM tract
integrity.

There are some limitations in the present study. The
sample sizes were not matched between the two cohorts,
and as noted above, the ET cohort was relatively small (n =
17). For this reason, we also analyzed the effect size. Addi-
tionally, ET diagnosis was performed based on the 1998 cri-
teria [37], and we did not stratify the ET cohort into differ-
ent subtypes [70,71], as this information was not available
as part of this retrospective study. Future prospective stud-
ies should investigate unique white matter changes across
these subtypes. Although our main goal was to analyze
white matter differences between PD and ET, the present
study lacked a healthy control cohort for comparison. How-
ever, several previous studies have analyzed white matter
differences between healthy control and PD cohorts [72]
and between healthy control and ET cohorts [73], while
the focus herein was to investigate regional differences be-
tween these 2 movement disorders. Another limitation of
our retrospective analysis is the unmatched protocols be-
tween the 2 clinical scanners used; to overcome this lim-
itation, we performed a secondary analysis for each scan-
ner independently that corroborated the combined results.
Additionally, the dMRI acquisition differed from current
recommendations, which may limit the biological interpre-
tation of our findings. Another minor limitation is that full
coverage of the cerebellar grey matter was not obtained in
the clinical protocol; as all white matter tracts were included
in the group template, this did not impact our analysis. Fu-
ture prospective studies with larger cohorts and at earlier
stages are needed to validate and expand the current find-
ings.

5. Conclusions

In conclusion, the present study showed significant
differences in white matter integrity between ET and PD co-
horts in the later stages of the disease. Differences in poste-
rior white matter projections were observed using advanced
FBA-based metrics, which permits the modeling of multi-
ple intra-voxel fiber orientations. Standard DTI-based FA
was also included for comparison and showed group differ-
ences in several brain regions. In both cases, white matter
integrity was more impacted in ET than PD in regions pre-
viously implicated in these diseases. Advanced diffusion-
based metrics may provide a better understanding of the
similarities and differences in white matter microstructure
between these disparate motor-associated diseases with dif-
ferent underlying phenotypes.

&% IMR Press


https://www.imrpress.com

Availability of Data and Materials

The datasets generated and/or analyzed during the cur-
rent study are not publicly available due to clinical purpose
but are available from the corresponding author on reason-
able request.

Author Contributions

Conceptualization: MB, SA and AMS; Methodology:
SA and AMS; Software: MB; Validation: MB, SA and
AMS; Formal Analysis: MB; Data Curation: MB and JJIK;
Visualization: SA and AMS, LA; Writing, Original Draft
Preparation: MB, SA and AMS; Writing, Review & Edit-
ing: MB, SA, LA and AMS; Supervision: SA and AMS. All
authors contributed to editorial changes in the manuscript.
All authors read and approved the final manuscript. All au-
thors have participated sufficiently in the work and agreed
to be accountable for all aspects of the work.

Ethics Approval and Consent to Participate

A waiver of informed consent was obtained for this
retrospective study. This study was conducted according to
the guidelines of the Declaration of Helsinki and was ap-
proved by the Institutional Review Board of St. Joseph’s
Hospital and Medical Center (protocol PHX-22-500-031-
73-04, approved 08/13/2021).

Acknowledgment

The authors would like to thank Dr. Holly Shill for
helpful discussions.

Funding

This work was supported by the Barrow Neurological
Foundation, Sam & Peggy Grossman Family Foundation,
and Samuel P. Mandell Foundation.

Conflict of Interest

The authors declare no conflict of interest.

Supplementary Material

Supplementary material associated with this article
can be found, in the online version, at https://doi.org/10.
31083/j.jin2205114.

References

[1] Algarni M, Fasano A. The overlap between Essential tremor and
Parkinson disease. Parkinsonism & Related Disorders. 2018; 46:
S101-S104.

[2] Clark LN, Louis ED. Essential tremor. Handbook of Clinical
Neurology. 2018; 147: 229-239.

[3] Kouli A, Torsney KM, Kuan WL. Parkinson’s Disease: Etiol-
ogy, Neuropathology, and Pathogenesis. Parkinson’s Disease:
Pathogenesis and Clinical Aspects. Codon Publications: Bris-
bane (AU). 2018.

&% IMR Press

(4]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Louis ED. Non-motor symptoms in essential tremor: A review
of the current data and state of the field. Parkinsonism & Related
Disorders. 2016; 22: S115-S118.

Lee SM, Kim M, Lee HM, Kwon K, Koh SB. Nonmotor symp-
toms in essential tremor: Comparison with Parkinson’s disease
and normal control. Journal of the Neurological Sciences. 2015;
349: 168-173.

Shalash AS, Hamid E, Elrassas H, Bahbah EI, Mansour AH, Mo-
hamed H, ef al. Non-motor symptoms in essential tremor, aki-
netic rigid and tremor-dominant subtypes of Parkinson’s disease.
PLoS ONE. 2021; 16: ¢0245918.

Aslam S, Zhang N, Adler CH, Caviness JN, Driver-Dunckley
E, Mehta SH, ef al. Essential tremor and depression. Movement
Disorders Clinical Practice. 2017; 4: 838-842.

Shahed J, Jankovic J. Exploring the relationship between es-
sential tremor and Parkinson’s disease. Parkinsonism & Related
Disorders. 2007; 13: 67-76.

Geraghty JJ, Jankovic J, Zetusky WJ. Association between es-
sential tremor and Parkinson’s disease. Annals of Neurology.
1985; 17: 329-333.

Adler CH, Shill HA, Beach TG. Essential tremor and Parkin-
son’s disease: lack of a link. Movement Disorders: Official Jour-
nal of the Movement Disorder Society. 2011; 26: 372-377.
Tarakad A, Jankovic J. Essential Tremor and Parkinson’s Dis-
ease: Exploring the Relationship. Tremor and other Hyperki-
netic Movements. 2019; 8: 589.

Rajput AH, Rajput EF, Bocking SM, Auer RN, Rajput A.
Parkinsonism in essential tremor cases: A clinicopathological
study. Movement Disorders: Official Journal of the Movement
Disorder Society. 2019; 34: 1031-1040.

Saini J, Bagepally BS, Bhatt MD, Chandran V, Bharath RD,
Prasad C, et al. Diffusion tensor imaging: tract based spatial
statistics study in essential tremor. Parkinsonism & Related Dis-
orders. 2012; 18: 477-482.

Bhalsing KS, Kumar KJ, Saini J, Yadav R, Gupta AK, Pal PK.
White matter correlates of cognitive impairment in essential
tremor. AJNR. American Journal of Neuroradiology. 2015; 36:
448-453.

Jia L, Jia-Lin S, Qin D, Qing L, Yan Z. A diffusion tensor imag-
ing study in essential tremor. Journal of Neuroimaging: Offi-
cial Journal of the American Society of Neuroimaging. 2011;
21: 370-374.

Chiang PL, Chen HL, Lu CH, Chen PC, Chen MH, Yang IH, et
al. White matter damage and systemic inflammation in Parkin-
son’s disease. BMC Neuroscience. 2017; 18: 48.

Auning E, Kjervik VK, Selnes P, Aarsland D, Haram A,
Bjernerud A, et al. White matter integrity and cognition in
Parkinson’s disease: a cross-sectional study. BMJ Open. 2014;
4: ¢003976.

Basser PJ, Mattiello J, LeBihan D. MR diffusion tensor spec-
troscopy and imaging. Biophysical Journal. 1994; 66: 259-267.
Pierpaoli C, Jezzard P, Basser PJ, Barnett A, Di Chiro G. Diffu-
sion tensor MR imaging of the human brain. Radiology. 1996;
201: 637-648.

Concha L. A macroscopic view of microstructure: using
diffusion-weighted images to infer damage, repair, and plasticity
of white matter. Neuroscience. 2014; 276: 14-28.

Song SK, Sun SW, Ramsbottom MJ, Chang C, Russell J, Cross
AH. Dysmyelination revealed through MRI as increased radial
(but unchanged axial) diffusion of water. Neurolmage. 2002; 17:
1429-1436.

Kantarci K, Murray ME, Schwarz CG, Reid RI, Przybelski SA,
Lesnick T, et al. White-matter integrity on DTI and the patho-
logic staging of Alzheimer’s disease. Neurobiology of Aging.
2017; 56: 172-179.


https://doi.org/10.31083/j.jin2205114
https://doi.org/10.31083/j.jin2205114
https://www.imrpress.com

(23]

[24]

(25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

10

Giulietti G, Torso M, Serra L, Spano B, Marra C, Caltagirone
C, et al. Whole brain white matter histogram analysis of diffu-
sion tensor imaging data detects microstructural damage in mild
cognitive impairment and alzheimer’s disease patients. Journal
of Magnetic Resonance Imaging: JMRI. 2018. (Online ahead of
print)

Winklewski PJ, Sabisz A, Naumczyk P, Jodzio K, Szurowska E,
Szarmach A. Understanding the Physiopathology Behind Axial
and Radial Diffusivity Changes-What Do We Know? Frontiers
in Neurology. 2018; 9: 92.

Sharifi S, Nederveen AJ, Booij J, van Rootselaar AF. Neu-
roimaging essentials in essential tremor: a systematic review.
Neurolmage. Clinical. 2014; 5: 217-231.

Holtbernd F, Shah NJ. Imaging the Pathophysiology of Essential
Tremor-A Systematic Review. Frontiers in Neurology. 2021; 12:
680254.

Bergamino M, Keeling EG, Mishra VR, Stokes AM, Walsh
RR. Assessing White Matter Pathology in Early-Stage Parkin-
son Disease Using Diffusion MRI: A Systematic Review. Fron-
tiers in Neurology. 2020; 11: 314.

Zhang Y, Burock MA. Diffusion Tensor Imaging in Parkinson’s
Disease and Parkinsonian Syndrome: A Systematic Review.
Frontiers in Neurology. 2020; 11: 531993.

Juttukonda MR, Franco G, Englot DJ, Lin YC, Petersen KJ, Tru-
jillo P, et al. White matter differences between essential tremor
and Parkinson disease. Neurology. 2019; 92: e30—e39.

Tuch DS, Reese TG, Wiegell MR, Makris N, Belliveau JW,
Wedeen VJ. High angular resolution diffusion imaging reveals
intravoxel white matter fiber heterogeneity. Magnetic Reso-
nance in Medicine. 2002; 48: 577-582.

Jones DK, Knosche TR, Turner R. White matter integrity, fiber
count, and other fallacies: the do’s and don’ts of diffusion MRI.
Neurolmage. 2013; 73: 239-254.

Figley CR, Uddin MN, Wong K, Kornelsen J, Puig J, Figley
TD. Potential Pitfalls of Using Fractional Anisotropy, Axial
Diffusivity, and Radial Diffusivity as Biomarkers of Cerebral
White Matter Microstructure. Frontiers in Neuroscience. 2022;
15: 799576.

Tournier JD, Mori S, Leemans A. Diffusion tensor imaging and
beyond. Magnetic Resonance in Medicine. 2011; 65: 1532—
1556.

Raffelt DA, Smith RE, Ridgway GR, Tournier JD, Vaughan DN,
Rose S, et al. Connectivity-based fixel enhancement: Whole-
brain statistical analysis of diffusion MRI measures in the pres-
ence of crossing fibres. Neurolmage. 2015; 117: 40-55.

Raffelt D, Tournier JD, Rose S, Ridgway GR, Henderson R,
Crozier S, et al. Apparent Fibre Density: a novel measure for
the analysis of diffusion-weighted magnetic resonance images.
Neurolmage. 2012; 59: 3976-3994.

Dhollander T, Clemente A, Singh M, Boonstra F, Civier O,
Duque ID, et al. Fixel-based Analysis of Diffusion MRI: Meth-
ods, Applications, Challenges and Opportunities. Neurolmage.
2021;241: 118417.

Deuschl G, Bain P, Brin M. Consensus statement of the Move-
ment Disorder Society on Tremor. Ad Hoc Scientific Commit-
tee. Movement Disorders: Official Journal of the Movement
Disorder Society. 1998; 13: 2-23.

Gelb DJ, Oliver E, Gilman S. Diagnostic criteria for Parkinson
disease. Archives of Neurology. 1999; 56: 33-39.

Jeurissen B, Leemans A, Tournier JD, Jones DK, Sijbers J. In-
vestigating the prevalence of complex fiber configurations in
white matter tissue with diffusion magnetic resonance imaging.
Human Brain Mapping. 2013; 34: 2747-2766.

Louis ED. Essential tremor and the cerebellum. Handbook of
Clinical Neurology. 2018; 155: 245-258.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Tournier JD, Smith R, Raffelt D, Tabbara R, Dhollander T,
Pietsch M, et al. MRtrix3: A fast, flexible and open software
framework for medical image processing and visualisation. Neu-
rolmage. 2019; 202: 116137.

Jenkinson M, Beckmann CF, Behrens TEJ, Woolrich MW, Smith
SM. FSL. Neurolmage. 2012; 62: 782-790.

Bergamino M, Keeling EG, Walsh RR, Stokes AM. System-
atic Assessment of the Impact of DTI Methodology on Frac-
tional Anisotropy Measures in Alzheimer’s Disease. Tomogra-
phy. 2021; 7: 20-38.

Avants BB, Epstein CL, Grossman M, Gee JC. Symmetric dif-
feomorphic image registration with cross-correlation: evaluat-
ing automated labeling of elderly and neurodegenerative brain.
Medical Image Analysis. 2008; 12: 26-41.

Dhollander T, Mito R, Raffelt D, Connelly A. ‘Improved white
matter response function estimation for 3-tissue constrained
spherical deconvolution.” ISMRM 27th Annual Meeting & Ex-
hibition. 11-16 May 2019. Montréal, QC, Canada. 2019.
Raffelt DA, Tournier JD, Smith RE, Vaughan DN, Jackson G,
Ridgway GR, et al. Investigating white matter fibre density and
morphology using fixel-based analysis. Neurolmage. 2017; 144:
58-73.

Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols
TE. Permutation inference for the general linear model. Neu-
rolmage. 2014; 92: 381-397.

Smith SM, Nichols TE. Threshold-free cluster enhancement: ad-
dressing problems of smoothing, threshold dependence and lo-
calisation in cluster inference. Neurolmage. 2009; 44: 83-98.
Smith R, Dimond D, Vaughan D, Parker D, Dhollander T,
Jackson GD, et al. Intrinsic non-stationarity correction for
Fixel-Based Analysis. Organization for Human Brain Mapping
(OHBM). 2019: M7892019.

Susumu M, Wakana S, Van Zijl PCM, Nagae-Poetscher LM.
MRI atlas of human white matter. 1st. Elsevier: Amsterdam, The
Netherlands. 2005.

Li Y, Guo T, Guan X, Gao T, Sheng W, Zhou C, et al. Fixel-
based analysis reveals fiber-specific alterations during the pro-
gression of Parkinson’s disease. Neurolmage. Clinical. 2020; 27:
102355.

Rau YA, Wang SM, Tournier JD, Lin SH, Lu CS, Weng YH,
et al. A longitudinal fixel-based analysis of white matter alter-
ations in patients with Parkinson’s disease. Neurolmage. Clini-
cal. 2019; 24: 102098.

Novellino F, Nicoletti G, Cherubini A, Caligiuri ME, Nistico R,
Salsone M, et al. Cerebellar involvement in essential tremor with
and without resting tremor: A Diffusion Tensor Imaging study.
Parkinsonism & Related Disorders. 2016; 27: 61-66.

Prasad S, Rastogi B, Shah A, Bhalsing KS, Ingalhalikar M, Saini
J, et al. DTI in essential tremor with and without rest tremor:
Two sides of the same coin? Movement Disorders: Official
Journal of the Movement Disorder Society. 2018; 33: 1820—
1821.

Bergamino M, Walsh RR, Stokes AM. Free-water diffusion ten-
sor imaging improves the accuracy and sensitivity of white mat-
ter analysis in Alzheimer’s disease. Scientific Reports. 2021; 11:
6990.

Newman BT, Dhollander T, Reynier KA, Panzer MB, Druzgal
TJ. Test-retest reliability and long-term stability of three-tissue
constrained spherical deconvolution methods for analyzing dif-
fusion MRI data. Magnetic Resonance in Medicine. 2020; 84:
2161-2173.

Lyon M, Welton T, Varda A, Maller JJ, Broadhouse K, Kor-
gaonkar MS, et al. Gender-specific structural abnormalities in
major depressive disorder revealed by fixel-based analysis. Neu-
rolmage. Clinical. 2019; 21: 101668.

&% IMR Press


https://www.imrpress.com

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Haykal S, Jansonius NM, Cornelissen FW. Investigating
changes in axonal density and morphology of glaucomatous op-
tic nerves using fixel-based analysis. European Journal of Radi-
ology. 2020; 133: 109356.

Fekonja LS, Wang Z, Aydogan DB, Roine T, Engelhardt M,
Dreyer FR, et al. Detecting Corticospinal Tract Impairment in
Tumor Patients With Fiber Density and Tensor-Based Metrics.
Frontiers in Oncology. 2021; 10: 622358.

Xiao Y, Peters TM, Khan AR. Characterizing white matter alter-
ations subject to clinical laterality in drug-naive de novo Parkin-
son’s disease. Human Brain Mapping. 2021; 42: 4465-4477.
Louis ED. Linking Essential Tremor to the Cerebellum: Neu-
ropathological Evidence. Cerebellum. 2016; 15: 235-242.
Grimaldi G, Manto M. Is essential tremor a Purkinjopathy? The
role of the cerebellar cortex in its pathogenesis. Movement Dis-
orders: Official Journal of the Movement Disorder Society.
2013; 28: 1759-1761.

Rajput AH, Robinson CA, Rajput ML, Rajput A. Cerebellar
Purkinje cell loss is not pathognomonic of essential tremor.
Parkinsonism & Related Disorders. 2011; 17: 16-21.

Symanski C, Shill HA, Dugger B, Hentz JG, Adler CH, Jacob-
son SA, et al. Essential tremor is not associated with cerebellar
Purkinje cell loss. Movement Disorders: Official Journal of the
Movement Disorder Society. 2014; 29: 496-500.

Rajput AH, Rajput A. Significance of cerebellar Purkinje cell
loss to pathogenesis of essential tremor. Parkinsonism & Related
Disorders. 2011; 17: 410-412.

&% IMR Press

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Zhuang FJ, Chen Y, He WB, Cai ZY. Prevalence of white mat-
ter hyperintensities increases with age. Neural Regeneration Re-
search. 2018; 13: 2141-2146.

Becktepe JS, Busse J, Jensen-Kondering U, Toedt I, Wolff S,
Zeuner KE, et al. White Matter Hyperintensities Are Associated
With Severity of Essential Tremor in the Elderly. Frontiers in
Neurology. 2021; 12: 694286.

Maniega SM, Valdés Hernandez MC, Clayden JD, Royle NA,
Murray C, Morris Z, et al. White matter hyperintensities and
normal-appearing white matter integrity in the aging brain. Neu-
robiology of Aging. 2015; 36: 909-918.

Torso M, Bozzali M, Zamboni G, Jenkinson M, Chance
SA, Alzheimers Disease Neuroimage Initiative. Detection of
Alzheimer’s Disease using cortical diffusion tensor imaging.
Human Brain Mapping. 2021; 42: 967-977.

Erro R, Fasano A, Barone P, Bhatia KP. Milestones in Tremor
Research: 10 Years Later. Movement Disorders Clinical Prac-
tice. 2022; 9: 429-435.

Erro R, Sorrentino C, Russo M, Barone P. Essential tremor plus
rest tremor: current concepts and controversies. Journal of Neu-
ral Transmission. 2022; 129: 835-846.

Atkinson-Clement C, Pinto S, Eusebio A, Coulon O. Diffu-
sion tensor imaging in Parkinson’s disease: Review and meta-
analysis. Neurolmage. Clinical. 2017; 16: 98-110.

Tantik Pak A, Sengiil Y, Otcu Temur H, Alkan A. Impaired in-
tegrity of commissural and association fibers in essential tremor
patients: Evidence from a diffusion tensor imaging study. Turk-
ish Journal of Medical Sciences. 2021; 51: 328-334.

11


https://www.imrpress.com

	1. Introduction
	2. Materials and Methods 
	2.1 Participants
	2.2 MRI Acquisitions
	2.3 Data Processing
	2.4. Statistical Analysis

	3. Results
	4. Discussion
	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Supplementary Material

