¢ Human Brain Mapping 32:896-904 (2011) ¢

Diffusion Tensor Imaging of White Matter
Involvement in Essential Tremor

Johannes C. Klein,'* Benedikt Lorenz,' Jun-Suk Kang,I Simon Baudrexel,’
Carola Seifried,' Simone van de Loo,' Helmuth Steinmetz,'
Ralph Deichmann,” and Riidiger Hilker'

'Department of Neurology, Goethe-University, Frankfurt am Main, Germany
*Brain Imaging Center, Goethe University, Frankfurt am Main, Germany

* *

Abstract: This study set out to determine whether there is white matter involvement in essential tremor
(ET), the most common movement disorder. We collected diffusion MRI and analysed differences in frac-
tional anisotropy (FA) and mean diffusivity (MD) between ET patients and control subjects as markers of
white matter integrity. We used both classical ROI-based statistics and whole-brain analysis techniques,
including voxel-wise analysis with SPM5 and tract-based spatial statistics (TBSS). Using region of interest
(RQOI) analysis, we found increased MD bilaterally in the inferior cerebellar peduncles (ICP) and reduced
FA in the right-sided ICP of ET patients. Whole-brain analyses with TBSS detected increased MD distrib-
uted in both motor and nonmotor white matter fibers of ET patients predominantly in the left parietal
white matter, while there were no significant FA differences in these areas between ET patients and con-
trols. Voxel-wise analysis with SPM detected significant increase of MD congruent with the highest proba-
bility of difference as detected by TBSS. VBM analysis of T1 images did not detect significant differences
in either gray or white matter density between our study groups. In summary, we found evidence for
changes in white matter MRI properties in ET. The circumscript pathology of the ICP corroborates the
pathogenetic concept of the cerebellum and its projections as key structures for tremor generation in ET.
Moreover, increased diffusivity in white matter structures of both hemispheres suggests widespread alter-
ations of fiber integrity in motor and nonmotor networks in ET patients. The underlying cause of the DTI
changes observed remains to be elucidated. Hum Brain Mapp 32:896-904, 2011.  © 2010 Wiley-Liss, Inc.
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INTRODUCTION

Essential tremor (ET) is the most common movement
disorder [Louis et al., 1998] and one of the most frequent
neurological disorders in general [Louis, 2005]. Typical
symptoms are a postural and kinetic tremor of medium to
high frequency [Elble, 1996], often exacerbated by emo-
tional stress or physical exertion [Deuschl et al., 1998;
Findley, 1996].

Symptom presentation can be mild, such that patients
never seek medical attention [Louis, 2005]. This fact con-
tributes to the notable discrepancies observed in preva-
lence estimates of ET in community versus service-based
studies, which range from 400-4,000 per 100,000 [Elble,
2006; Louis et al., 1998]. When patients do seek medical
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TABLE I. Patient demographics

Patient Duration Fahn Family = Affected  Handedness  Response Head

no. Gender Age of ET tremor score history side (EHI) to alcohol tremor Medication
1 M 73 30 29 Pos R>L 100 + — PRI, MET
2 F 75 7 14 Neg R=L 100 ? — PRO

3 M 43 5 9 Pos R>L 100 ? — None

4 M 65 15 28 Pos R=L 100 ? — PRO

5 F 47 8 15 Pos L>R 100 + — PRO

6 F 72 4 12 Neg R>L 100 - — None

7 F 64 7 11 Pos L>R 100 ? — None

8 M 65 3 16 Pos R>L 100 + — PRO

9 M 68 7 13 Pos R>L 100 ? — Alfazosin
10 M 38 7 18 Neg R=L 100 + — PRO

11 M 47 1.5 6 Neg L>R 100 ? — PRO

12 M 63 40 20 Neg R>L 100 ? — Diltiazem
13 M 69 20 31 Pos R=L 100 + — Gabapentin
14 F 67 30 16 Pos R=L 100 + — MET

All patients had bilateral tremor. Some patients were unable to assess response to alcohol due to abstinence.

PRO, propranolol; PRI, primidone; MET, metoprolol.

attention, a limited number of drugs have shown modest
benefit, yet their mechanisms of action in ET remain to be
elucidated [Louis, 2005].

Despite its high prevalence, there are only few studies
on the neuropathology of ET available, but the most fre-
quently reported changes are related to the cerebellar Pur-
kinje cells [Louis et al., 2006, 2007). Involvement of white
matter is still controversial [Martinelli et al., 2007, Shin
et al., 2008]. Magnetic resonance diffusion-weighted imag-
ing [Le Bihan and Breton, 1985] provides a unique win-
dow on tissue microstructure [Johansen-Berg and Behrens,
2006]. It allows for quantitative assessment of white matter
structure, and measures derived from the diffusion tensor
model have been shown to correlate with the severity and
with progression rates of degenerative [Ciccarelli et al.,
2006] and inflammatory [Benedetti et al., 2009; Bodini
et al., 2009] diseases of the brain. The most widely used
measurements derived from the tensor model are the frac-
tional anisotropy (FA) and the mean diffusivity (MD),
both of which provide complementary data on tissue
microstructure. Reduction in local fiber density, or, more
generally, disturbed fiber integrity is expected to result in
a decrease of FA as a measure of diffusion directionality
and an increase of MD as a measure of overall water
diffusion.

Two studies applied diffusion-weighted imaging in ET
patients [Martinelli et al., 2007; Shin et al., 2008]. One
study [Martinelli et al., 2007] analysed MD within prespe-
cified ROIs, and did not report significant changes in ET
subjects. Another study using diffusion tensor imaging
(DTI) found widespread FA reduction in the entire brain
[Shin et al., 2008] using voxel-wise statistics, but failed to
achieve cluster-corrected statistical significance. We inves-
tigated white matter involvement in ET using an opti-
mized diffusion imaging and image analysis protocol in

age-matched groups of ET patients and controls. We per-
formed a region-of-interest (ROI) based analysis of FA and
MD in the cerebellar peduncles, since they carry all infor-
mation processed by the cerebellum in a highly collinear
fiber system. In addition, we also performed whole-brain
analyses of the data, exploring further involvement of
white matter in ET. Finally, we performed a voxel-based
morphometry (VBM) analysis of gray and white matter
density assessed by T1-weighted imaging to exclude mac-
roscopic differences between the study groups.

SUBJECTS AND METHODS
Study Subjects

The local ethics committee approved the study, and all
subjects provided informed consent before inclusion. We
studied 14 patients with ET (age + standard deviation:
61.2 years +12.0) and 20 age-matched control subjects
(60.2 £ 8.1). The diagnosis of ET had been established
according to criteria of the Tremor Investigation group
[Deuschl et al., 1998], with 10 patients meeting criteria of
definite ET, and four meeting criteria of probable ET.
Tremor rating was performed using the Fahn Tremor Rat-
ing Scale [Fahn et al., 1998], and videotaped assessment
was cross-validated by an experienced movement disor-
ders specialist (R.H.). All patients and control subjects
were right-handed, receiving a score of 100 on the Edin-
burgh Handedness Inventory (EHI) [Oldfield, 1971]. Dem-
ographics of the patients are reported in Table I. We
report tremor lateralization, self-reported family history,
and whether symptoms responded positively to alcohol
ingestion. Some subjects did not drink any alcohol and
were therefore unable to answer the last question.
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Diffusion-Weighted MR Imaging

All subjects underwent diffusion MRI in a Siemens Trio
3T (Siemens, Erlangen, Germany) scanner, using an 8-
channel array head coil for signal reception and the built-
in body coil for radiofrequency transmission. Diffusion
was measured in 60 isotropically distributed directions
using spin-echo echo-planar imaging [Turner et al., 1991]
and sensitivity-encoded read-out acceleration (SENSE)
[Jaermann et al., 2006; Pruessmann et al., 1999] (SE-EPI, TE
95ms, TR 9.3s, 70 axial slices, isotropic voxel size 2 mm,
SENSE factor 2) with a b-value of 1,000 s mm 2 and 10
nondiffusion weighted reference images. To increase the
signal to noise ratio (SNR), scanning was repeated three
times for averaging, resulting in a total scanning time of
~45 min.

Anatomical MR Imaging

Subjects underwent T1-weighted imaging using a Fast
Low Angle Shot sequence [Frahm et al., 1986] (FLASH, TE
24 ms, TR 7.6 ms, flip angle 18°, 160 sagittal slices, iso-
tropic voxel size 1 mm). Scanning was repeated twice for
off-line averaging to increase SNR. Before averaging, data-
sets were realigned using FLIRT [Jenkinson et al., 2002].

In addition, subjects received Fluid Attenuated Inversion
Recovery T2-weighted imaging to exclude gross pathology
(83D-FLAIR, TE 353 ms, TR 6,000 ms, TI 2,200 ms, 72 sagit-
tal slices, voxel size 1 x 1 x 2.07 mm3).

Data Analysis—VBM

T1-weighted images were subjected to VBM using SPM
5 (The Wellcome Department of Cognitive Neurology,
London, http://www fil.ion.ucl.ac.uk/spm). All analyses
were performed in ICBM-152 space, transforming individ-
ual images using the T1 template supplied with SPM.
After correcting for intensity nonuniformity, estimates of
gray and white matter density were generated. Density esti-
mates were modulated with the Jacobian of the transforma-
tion matrix to address local compression or expansion due
to spatial normalization. Then, a multiple regression model
was created using age as a confound regressor.

Data Analysis—Diffusion Data

Diffusion data were corrected for eddy currents and
head movement by affine registration to a nondiffusion-
weighted reference volume [Jenkinson et al.,, 2002]. The
three acquisitions were averaged to increase SNR, and a
mask was created to limit analysis to brain tissue only.
Diffusion tensors were fitted using a conventional least-
squares approach with tools from the FMRIB software
library [Smith et al., 2004].

ROI-Based Analysis

For each subject and each side of the brain, masks were
drawn in the superior (SCP), medial (MCP) and inferior
cerebellar peduncle (ICP). To visualize these structures,
color-coded representations of tensor orientation were dis-
played [Douek et al., 1991], using FA images to modulate
image luminosity. This way, both FA (luminosity-encoded)
and principal diffusion direction (color-coded) are visible
simultaneously, facilitating manual separation of the
peduncles. For SCP, the ROI centre was located on sagittal
images and ten voxels were selected on up to three sagittal
image planes around the SCP’s centre, taking care to stay
clear of the SCP’s merging with the brain stem. For MCP,
two coronal sections in the middle of the rostro-caudal
extent of the peduncle were selected. On each of these two
coronal sections, nine voxels were selected in the centre of
the MCP, resulting in a total of 18 voxels marked. For ICP,
four voxels each were selected on two adjacent transversal
planes in the middle of the rostro-caudal extent of this
peduncle, resulting in a ROI with eight voxels in total.
Thus, we created six ROIs in original space for each of the
study subjects. Subsequently, samples of FA and MD were
taken from these ROIs. Figure 1 shows ROI placement in a
representative study subject. We tested for (a) group dif-
ferences and (b) correlations of FA and MD in these ROIs
with Fahn tremor score and disease duration using SPSS
17.0 (SPSS Inc., Chicago). To account for residual age
effects in our study cohorts, a multiple regression model
was used with age as confound regressor. F-tests and post
hoc two-sided two-sample t tests were applied to assess
between-group mean differences (P < 0.05).

Common Space

To account for differences of individual anatomy, FA
images were registered to a high-definition template in
ICBM-152 space using nonlinear warping [Andersson
et al., 2008] (FNIRT). The parameters obtained from this
procedure were also used to transform individual images
of mean diffusivity (MD) to the same standard space, since
MD images do not provide sufficient tissue contrast to
estimate registration parameters. Movie loops of standard
space data across all subjects were evaluated by eye to
exclude any gross misregistrations.

Tract-Based Spatial Statistics

Tract-based spatial statistics (TBSS) is a technique for
analyzing group effects in diffusion-based imaging [Smith
et al.,, 2006]. TBSS aims to isolate dominant pathways of
the brain in a skeletonized representation of white matter,
and projects the nearest maximum FA values onto this
skeleton. This way, residual variability after nonlinear
registration is reduced. We tested for FA and MD differen-
ces including age as a confound variable, using spatial
normalization parameters and skeleton projection vectors
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SCP

Figure I.
ROIs overlaid onto an example subject for right superior (SCP), middle (MCP), and inferior
(ICP) cerebellar peduncle. Color-coded representations of principal diffusion direction, luminosity
modulated by FA. Red indicates left-to-right, green rostral-to-occipital, and blue cranial-to-caudal
direction of diffusion. Sagittal view in upper, transaxial view in lower row.

derived from FA analysis for both parameters. Skeletoniza-
tion used an FA threshold of 0.2, as suggested by the
authors of TBSS (cf. http:/ /www.fmrib.ox.ac.uk/fsl/tbss).

In addition, we performed an exploratory analysis test-
ing for correlations between either Fahn score or disease
duration, and FA or MD in ET patients. Also, we tested
for significant difference of either FA or MD between
those patients who reported a positive family history, and
those who did not.

For statistical inference, including correction for multiple
Comparisons across space, we used permutation testing
[Nichols and Holmes, 2002] on our data implemented in
RANDOMISE, a part of the FSL software package. We fol-
lowed previously described methods [Douaud et al., 2009],
calculating 5,000 permutations of our data and testing for
significant group differences (or correlations, respectively)
at a level of P < 0.05. Correction for multiple comparisons
and cluster formation preceded with threshold-free cluster
enhancement (TFCE) [Smith and Nichols, 2009], a tech-
nique that does not need spatial smoothing and initial
thresholding of the intermediate statistical images, making
it well-suited to the essentially 2D skeletonized data.

For correlation analysis, we performed linear regression
on the thus identified regions of significant correlation
with MD and FA, respectively, in a multiple regression

design using SPSS to calculate R* values. The same corre-
lation analysis was applied to peduncular parameters.

SPM Analysis

To compare our own to previously published data, we
also performed classical, voxel-wise statistical inference.
After registration to ICBM-152 space, FA and MD images
were subjected to voxel-wise [Wright et al.,, 1995] using
SPM5  (http://www fil.ion.ucl.ac.uk/spm). Images were
smoothed with an 8 mm Gaussian kernel to enable GLM
analysis and satisfy smoothness prerequisites of random
field theory [Friston, 1995; Kiebel et al., 1999]. The data
were fed into a multiple regression model with a binary
regressor modeling patient/control group membership,
and including age as a confound regressor. We tested for
between-group differences with family-wise error correc-
tion (FWE) at the significance level of P < 0.05. No mini-
mum cluster size was prescribed.

RESULTS

On visual inspection, significant pathology was absent
on FLAIR imaging, but some focal white matter
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TABLE Il. Fractional anisotropy (FA) and mean diffusivity (MD), reported as mean with standard deviation in
parentheses, in left and right superior (SCP), middle (MCP) and inferior (ICP) cerebellar peduncle

Controls ET patients P values

FA MD FA MD FA MD
Left SCP 0.67 (0.089) 0.99 (0.155) 0.70 (0.054) 0.91 (0.092) 0.259 0.075
Right SCP 0.64 (0.094) 1.0 (0.162) 0.68 (0.072) 0.94 (0.157) 0.168 0.306
Left MCP 0.72 (0.064) 0.63 (0.020) 0.71 (0.068) 0.63 (0.043) 0.474 0.785
Right MCP 0.68 (0.042) 0.67 (0.053) 0.66 (0.065) 0.67 (0.037) 0.299 0.798
Left ICP 0.59 (0.073) 0.73 (0.074) 0.56 (0.082) 0.79 (0.074) 0.334 0.035*
Right ICP 0.60 (0.049) 0.74 (0.063) 0.56 (0.053) 0.78 (0.059) 0.046* 0.034*

MD reported in mm? sec ' 103, and associated p values of two-sample t-tests between groups.

*significant at P < 0.05

hyperintensities were present in most study subjects, as
expected in elderly individuals. VBM analysis of T1
images did not detect significant differences in either gray
or white matter density between our study groups.

In the ROI analysis, we found a significant group differ-
ence for FA and MD with F statistics. Post hoc ¢ testing
detected decreased FA in the right ICP of ET patients ver-
sus controls (P = 0.046), whereas there was no significant
difference on the left side. Moreover, we found signifi-
cantly increased MD in both the left (P = 0.035) and the
right (P = 0.034) ICP of the ET group. In contrast, signifi-
cant mean differences of either FA or MD were lacking in
the SCP and MCP of both sides. The study results of the
ROI analysis are summarized in Table II.

" - p=0005

SPM analysis showed a cluster of significant MD
increase adjacent to the left parieto-occipital sulcus in ET
patients versus controls (peak voxel at X = =31, Y = —61,
Y =29, P = 0.005, Fig. 2), but no FA differences in either
positive or negative direction.

In the ET group, TBSS analysis uncovered increased MD
bilaterally in the frontal and parietal white matter and in
the left occipital and temporal lobe, excluding the callosal
body (see Fig. 3). The peak significant voxel in ICBM-152
space was found at [X = —22, Y = -52, Z = 19], P =
0.008, and MD within the cluster was 0.78 + 0.038 mm?
sec ' 1072 for controls, and 0.80 + 0.048 mm?* sec™' 102
in ET patients (mean + standard deviation). Frontal and
parietal changes were more pronounced in the left

Figure 2.
Increased MD in ET patients compared to control is detected in white matter adjacent to the
left parieto-occipital sulcus (P = 0.005). Visualisation as SPM “glass brain” maximum intensity
projection (a), and overlaid onto a canonical single subject brain (b).
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Figure 3.

TBSS detects increase of MD in ET patients in bilateral frontal
and parietal white matter (a, dorsal, b, ventral), excluding the
callosal body, and in left-hemispheric occipital and temporal
white matter. Dorsal (a) and ventral (b) axial views, coronal
slice through the pyramidal tract (c), and sagittal view of cal-
losum (d). The skeleton generated by TBSS is rendered in
green, and the yellow-orange overlay depicts areas of significant
MD increase in ET patients.

hemisphere and included the left internal capsule in the
region of the pyramidal tract. TBSS analysis of FA values
did not detect any significant group differences between
patients and controls, neither did voxel-wise analysis.

In the ET group, we detected a significant positive corre-
lation between Fahn tremor scores and MD values in a
region covering frontal and parietal white matter (peak
voxel coordinates in ICBM-152 space [X =27, Y =19, Z =
22], peak voxel value P < 0.01, whole cluster R? = 0.80, cf.
Supporting Information Fig. 1). A smaller region in frontal
white matter exhibited a negative correlation between
Fahn score and FA ([34, 17, 22], P = 0.02, R? = 0.81).
Peduncluar ROIs exhibited no significant correlation with
Fahn scores.

We did not find significant correlations between disease
duration and FA or MD. There was no significant differ-
ence in FA or MD values between subjects with and with-
out a positive family history for tremor.

DISCUSSION

This study investigated white matter pathology in ET
patients using noninvasive MR diffusion imaging as a tool
sensitive to local tissue microstructure [Le Bihan, 2003].
We found evidence for localized pathology of cerebellar
circuits and more general alterations of white matter in
the brain hemispheres. These results confirm that integrity

of neuronal fibers is impaired in ET, which might play a
pathogenetic role for tremor generation in the central nerv-
ous system.

We demonstrated decreased FA and increased MD in
the ICP of ET patients, suggesting cerebellar pathology in
these individuals. Since information processed by the cere-
bellum is anatomically confined to propagate via the cere-
bellar peduncles, pathology of the cerebellum can be
expected to be reflected in them. Thus, our DTI findings
suggest selective involvement of the lower cerebellar input
tracts. The ICP carries, among others, the olivocerebellar
[Grant and Oscarsson, 1966] and spinocerebellar [Grant
et al, 1966] tracts, which form the majority of this
peduncle. Both terminate on Purkinje cells within the cere-
bellar cortex, where olivocerebellar fibers directly interface
with Purkinje cells, while spinocerebellar afferents are con-
nected with the latter via granular interneurons in the
mossy fiber system [Baehr et al., 2005]. From a methodo-
logical point of view, the cerebellar peduncles are an
attractive target for diffusion imaging: Similar to the cal-
losal body, which is a focus of diffusion-based research
[Johansen-Berg et al., 2007, Wahl et al., 2007], fibers run-
ning within the cerebellar peduncles are highly collinear,
and there are no interdigitating crossing fiber bundles
hampering analysis.

Our MRI data compare favorably with previous neuro-
pathological studies on ET. Current evidence in neuro-
pathological studies has found two major themes [Louis
et al., 2007]: First, there are the more frequent cases of ET
with predominantly cerebellar pathology, involving pa-
thology of the Purkinje cells. These account for approxi-
mately three quarters of cases reported in the
neuropathological literature. Second, there are cases with
Lewy-body type pathology within the brainstem [Louis
et al., 2005], notably the locus coeruleus, with relatively
preserved cerebellar integrity. In the cerebellar ET subtype,
a 31-38% reduction of Purkinje cell density versus controls
was reported [Louis et al., 2007; Louis and Vonsattel,
2008]. Additionally, axonal swellings (“torpedoes”) of sur-
viving Purkinje cells suggested injury to these neurons.
Functional imaging studies with [15]O-water positron
emission tomography (PET) have found overactivity in the
cerebellum of ET patients [Jenkins et al., 1993; Wills et al.,
1994], but these cannot distinguish between a primary cer-
ebellar pathology or secondary activation due to a proprio-
ceptive feed-back mechanism [Deuschl et al., 2001]. With
respect to our patient collective, there is no way to distin-
guish between the cerebellar and brainstem subtype of the
disease in vivo. However, given the distribution of cases
found on neuropathology, it is reasonable to assume that
the majority of subjects belong to the former group.

In contrast to MD, we found an isolated unilateral FA
decrease in the right ICP of ET patients. Given a bilateral
tremor in all patients under investigation, this finding war-
rants further discussion. One possible explanation relates
to the fact that the right ICP is addressing proprioceptive
input of the dominant hand in all study subjects, which is
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Figure 4.
While ICP is hard to separate from MCP on FA only images (a), the two peduncles are easily
distinguished on colour-coded representations of principal diffusion direction (b). Red shades
denote fiber estimates in a left-to-right (or vice versa) direction, green shades those in a rostro-
occipital, and blue shades estimates in a cranio-caudal direction.

likely to have received a large amount of motor training:
Trained movements of the dominant hand range from sim-
ple tasks such as picking up an object or striking a match,
to much more complex tasks, such as writing. We
hypothesize that this amount of motor training enhances
the tract’s overall integrity or myelination [Demerens
et al., 1996], and could thus provide a target for analysis
that has high inter-subject congruence in our purely right-
handed study collective. Moreover, it is likely that the
nondominant hand has received a widely variable degree
of training across the study group, depending on factors
like profession or the ability to play a musical instrument,
and this might lead to a greater variability of measurement
in left ICP.

Five ET patients had tremor lateralization to the right,
and three to the left side of the body. Therefore, tremor
laterality may be another contributing factor to the asym-
metry of peduncular measurements observed.

On voxel-wise analysis of MD, we detected a significant
cluster of increased diffusivity at the bottom of the left
parieto-occipital sulcus in ET patients. Subsequent TBSS
analysis revealed a widespread distribution of increased
MD in the brain comprising motor and nonmotor regions,
but sparing the callosal body. In agreement with voxel-
wise SPM results, the most pronounced MD increase was
found in the left parietal white matter. Interestingly, the
left pyramidal tract was included in the MD increase, as
opposed to the contralateral hemisphere. This finding
points to a more pronounced affection of motor circuits
controlling the dominant hand, similar to our peduncular
findings. Unlike a recent study by Shin and colleagues,
who reported decreased FA in ET patients at a level of P
< 0.005 uncorrected [Shin et al., 2008], our TBSS and con-

ventional SPM analysis failed to detect significant FA dif-
ference between the study groups. One possible
explanation for this discrepancy is that the MRI data ac-
quisition differed substantially between the studies. Other
factors that might explain the absence of FA differences
between groups in our study are the different sample
properties, e.g., the age distribution of and exclusion of
head tremor in our subjects, and a relatively conservative
analysis approach.

It is an ongoing discussion whether ET is a neurodege-
nerative disorder [Raethjen and Deuschl, 2009]. Since our
data are cross-sectional in nature, they do not allow us to
determine whether the white matter changes observed are
progressive over time.

Diffusion data do not provide insight into the exact his-
topathological changes within the brain tissue investigated.
It has been demonstrated that changes in the packing den-
sity of axons, in their collinearity and, to a lesser degree,
in myelination influence measures such as FA and MD [Le
Bihan, 2003]. Therefore, a loss of Purkinje cells, as sug-
gested by neuropathological studies, could lead to degen-
eration of their afferents, which could in turn lead to
reduced numbers of axons and, thus, packing density
within the ICP. On the other hand, diffuse MD alterations
in the hemispherical white matter suggest a systemic dis-
turbance of myelin sheaths in ET. MD is a predictor of
myelin content [Schmierer et al., 2008], and it has been
argued that decrease in FA could indicate axonal loss, as
opposed to pure disturbance of myelination [Beaulieu,
2009]. Thus, it is possible that changes in brain regions
with isolated MD elevation are subtle and do not involve
structural loss of axons. Recently, a variant of the LINGO1
gene, which is involved in the myelination of the central
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nervous system, has been linked to an increased risk to de-
velop ET [Stefansson et al., 2009]. LINGO1 is an adhesion
and cell-cell interaction molecule involved in the coordina-
tion of myelin membrane formation [Laursen and Ffrench-
Constant, 2007], whose inactivation protects against neuro-
degeneration [Mi et al., 2008] and enhances neuronal sur-
vival in the cerebellum. Moreover, tremor has been shown
in some animal models with myelination defects in the
central nervous system [Oliver and Davies, 2005]. There-
fore, the association of LINGOI gene variants with the
occurrence of ET suggests a role for myelin dysfunction in
the pathophysiology of ET, which also would be in agree-
ment with the hypothesis of a distributed network of
tremor generators rather than only a localized cerebellar
pathology [Deuschl et al., 2001; Raethjen and Deuschl,
2009]. The strong and contrasting correlations detected
between Fahn score and white matter parameters MD and
FA in localized but disparate white matter regions might
fit with the pathophysiological concept of diffuse myelin
disintegration in ET, perhaps as part of a network
hypothesis.

With all due caution, our DTI finding of widespread
increased diffusivity in cerebral white matter beyond the
motor circuits fits well with the pathophysiological con-
cept of diffuse myelin disintegration in ET.

Although our ROI-based results provide evidence for
the involvement of the cerebellar peduncles in ET, whole-
brain analysis techniques were unable to pick this up. This
might be explained by the fact that the cerebellar
peduncles are small relative to available voxel size, and
spatial registration techniques driven by FA only are
unlikely to correctly align the centers of these structures.
This is especially true for the ICP, which runs directly adja-
cent to the MCP and can be seen on color-coded maps of
principal diffusion direction, but is hard to distinguish from
the MCP on FA maps (see Fig. 4). Therefore, manually
placed ROIs, having the advantage of using additional in-
formation on principal diffusion direction, are likely to pro-
vide a more reliable way to assess changes in the ICP.
When ROI placement is guided by a strong hypothesis, this
classical method can provide more robust statistical infer-
ence than voxel-based techniques: Evidence from multiple
voxels can be gathered without partial voluming, as intro-
duced by spatial smoothing. TBSS projection of maximum
FA in ICP may be confounded by directly adjacent MCP, as
this structure generally exhibits higher FA than ICP (cf. Ta-
ble II). This problem is not present in ROI analysis, since
the principal diffusion direction of MCP and ICP is rather
different and hence, the two can be separated.

Last, a likely contributing factor to this discrepancy is
the relatively small sample size, with a total of 34 subjects
included in the study.

In conclusion, this study provides in vivo evidence for
dysintegrity of cerebellar projection fibers and widespread
white matter tracts in the cerebral hemispheres of ET
patients. The data corroborate the pathophysiological con-
cept that the cerebellum and its connections play a key

role for tremor generation in the disease. Moreover, DTI
demonstrated diffuse white matter alterations in the brain,
which could be compatible with the network hypothesis of
tremor pathophysiology in ET patients.
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