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Abstract

Objective: The pathogenesis of orthostatic tremor (OT) is unknown. We inves-

tigated OT-related white matter changes and their correlations with scores from

a neuropsychological testing battery. Methods: Diffusion tensor imaging

measures were compared between 14 OT patients and 14 age- and education-

matched healthy controls, using whole-brain tract-based spatial statistics analy-

sis. Correlations between altered diffusion metrics and cognitive performance in

OT group were assessed. Results: In all cognitive domains (attention, executive

function, visuospatial ability, verbal memory, visual memory, and language),

OT patients’ cognitive performance was significantly worse than that of healthy

controls. OT patients demonstrated altered diffusivity metrics not only in the

posterior lobe of the cerebellum (left cerebellar lobule VI) and in its efferent

cerebellar fibers (left superior cerebellar peduncle), but also in medial lemniscus

bilaterally (pontine tegmentum), anterior limb of the internal capsule bilater-

ally, right posterior limb of the internal capsule, left anterior corona radiata,

right insula, and the splenium of corpus callosum. No relationship was found

between diffusion measures and disease duration in OT patients. Diffusion

white matter changes, mainly those located in right anterior limb of the internal

capsule, were correlated with poor performance on tests of executive function,

visuospatial ability, verbal memory, and visual memory in OT patients. Inter-

pretation: White matter changes were preferentially located in the cerebellum,

its efferent pathways, as well as in the pontine tegmentum and key components

of the frontal–thalamic–cerebellar circuit. Further work needs to be done to

understand the evolution of these white matter changes and their functional

consequences.
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Introduction

Orthostatic tremor (OT), also called shaky-leg syndrome,1

is one of the most intriguing tremor disorders. OT might

actually be a group of diseases, united by the presence of

leg tremor, yet characterized by etiological and clinical

heterogeneity.2 We are now witnessing an expansion of

the construct of OT to include not only motor symptoms

(e.g., leg tremor), but the presence of other clinical fea-

tures (e.g., cognitive and personality changes and cerebel-

lar signs), different patterns of clinical progression, and

the association with different types of parkinsonism.2

The pathogenesis of OT is unknown, although clinical

and neuroimaging studies point to a role of the brainstem

and cerebellum.3–10 As in other tremor disorders, such as

essential tremor,11,12 the pathogenesis of OT may be

related to changes in the cerebello-thalamo-cortical net-

work (the so called “tremor” network).13 However, in OT,

changes might be more widespread, including the pontine

tegmentum and mesiofrontal cortical areas, as evidenced

in a recent 18F-fluorodeoxyglucose-positron emission

tomography study.14 In line with this, OT patients might

suffer deficits in cognitive and neuropsychiatric areas,

especially those thought to involve the integrity of the pre-

frontal cortex, which, in turn, also suggests changes of

limbic cortico-striato-thalamo-cortical loops.15 On the

other hand, in one resting state functional magnetic reso-

nance imaging (MRI) study, changes in connectivity in

particular resting-state networks was detected.16 More

specifically, OT patients showed increased connectivity in

resting-state networks involved in cognitive processes

(e.g., default mode network and frontoparietal networks)

and decreased connectivity in the cerebellum and sensori-

motor networks.16 To date, there have been few studies.

Hence, there is a need to investigate the white matter

microstructure changes as well as their correlation with

nonmotor signs in OT (i.e., cognitive dysfunction) and to

identify their anatomical origin. Identifying the relevant

white matter areas associated with OT would help to

arrive at a better understanding of the pathogenesis of this

enigmatic disease.

Diffusion tensor imaging (DTI) is an analysis technique

of diffusion-weighted images (DWI) that permits one to

quantify microstructural white matter changes.17 Among

several DTI parameters used to assess diffusion and, indi-

rectly, fiber tract microstructure, are fractional anisotropy

(FA), which measures the total magnitude of water direc-

tional movement along the axonal fibers, and mean diffu-

sivity (MD), which measures the mean diffusion of each

direction.17 Other diffusivity indices are radial diffusivity

(RD), which measures the diffusion perpendicular to

axons, and it is related with myelin degradation, and axial

diffusivity (AD), which describes the diffusion parallel to

the axon and is related to axonal injury.17

There are two main methods for analyzing DTI images

that allow full brain coverage: voxel-based analysis and

whole-brain tract-based spatial statistics (TBSS) analysis.

This latter has become an extremely popular software

because it attempts to alleviate several of the drawbacks

of conventional voxel-based analysis, such as the align-

ment and smoothing problems.18 The main advantage of

whole-brain TBSS analysis is the substitution of the image

alignment procedure by projecting all FA images onto a

white matter skeleton.18 Statistical tests are performed on

the skeleton, so this approach does not require data

smoothing and it also gains statistical power by reducing

dimensionality.18

To our knowledge, there are no published data on

white matter microstructural changes data in OT patients.

Our primary aim was to use whole-brain TBSS analysis

to assess white matter microstructural changes in OT

patients compared with healthy controls (HCs). We

hypothesized that there would be white matter changes in

the pons and cerebellum in OT, and, possibly in key

components of the frontal–thalamic–cerebellar circuit. As

a secondary aim, in OT patients, we searched for correla-

tions of white matter changes with scores from a neu-

ropsychological testing battery.
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Methods

All the participants included in the study gave their writ-

ten informed consent after full explanation of the proce-

dure. The study, which was conducted in accordance with

the principles of the Helsinki Declaration, as revised in

2013, was approved by the ethical standards committee

on human experimentation at the University Hospital “12

de Octubre” (Madrid).

Participants

Patients with OT were consecutively recruited from

December 2011 to May 2013 from the outpatient neurol-

ogy clinics of the University Hospital “12 de Octubre” in

Madrid (Spain), a public hospital, which covers an area

of more than 400,000 inhabitants. The patients, who were

referred to the outpatient neurology clinics with a subjec-

tive feeling of unsteadiness or tremor when standing,

which was absent while walking, seated, or supine, were

examined by three neurologists with expertise in move-

ment disorders (J.B.-L., A.S.-F., and M.M.). They were

classified as having OT using the Consensus Statement on

Tremor by the Movement Disorder Society.19 The diagno-

sis of OT was electromyographically confirmed before

inclusion in the study. The neurological examination

comprised a general neurological examination and the

motor portion of the Unified Parkinson’s Disease Rating

Scale (m-UPDRS).20 Mild Parkinsonian signs (MPS) were

defined as present when any one of the following condi-

tions was met: (1) two or more m-UPDRS20 ratings = 1;

or (2) one m-UPDRS20 rating = 2; or (3) the m-UPDRS

rest tremor rating = 1.21

OT patients were 1:1 frequency-matched with HCs.

Frequency-matching was based on age (5-year age cate-

gories), and years of education.

HCs were recruited either from relatives or friends of

the health professionals working at the University Hospi-

tal “12 de Octubre” of Madrid (Spain) or among the rela-

tives of patients who came to the neurological clinics for

reasons other than OT (e.g., headache, dizziness). None

of the HCs reported having a first-degree or second-de-

gree relative with OT or essential tremor. Each HC

underwent a standardized neurological examination per-

formed by one of two neurologists (J.P.R. and A.S.-F.) to

further rule out any neurological conditions. None of the

HCs were excluded due to refusal to perform MRI.

A senior neuropsychologist (V.P.-M., see acknowledg-

ments), specializing in cognitive problems associated

with movement disorders, performed a mental status

examination on each patient and control, applying

DSM-IV criteria and excluding those persons who had

dementia.

None of the participants were excluded because of neu-

rological comorbidities, dementia, or structural abnormal-

ities on conventional MRI images. According to Fazekas

visual rating scale, all participants had Fazekas score ≤ 1

(i.e., normal in the elderly).22

Procedure

Clinical characteristics were obtained from review of

records from their outpatient neurological care. Partici-

pants were asked to bring all medications taken in the past

1 week to the clinic where the study researchers viewed

and recorded the name and the dose of each one, with

special emphasis on medications that potentially affect

cognitive function (e.g., anxiolytics, stimulants, antipsy-

chotics, antidepressants, antihistamines, or antiepileptics

drugs). All participants underwent a neuropsychological

assessment of cognitive functioning, including attention,

executive function, visuospatial ability, verbal memory,

visual memory, and language (Table 1).10,16,23 Depressive

symptoms severity was assessed using the original 17-item

version of the Hamilton Depression Rating Scale.24

As there are no validated instruments specifically

designed to quantify OT severity among patients, we

assessed its impact on their health-related quality of life

using the Spanish version of EuroQol-5 dimension.25 This

instrument was chosen given that it has been used in

other related tremor disorders such as Parkinson’s Dis-

ease26 and essential tremor.27

MRI data and acquisition and analysis

HCs and patients were placed in the scanner, and to pre-

vent motion artifacts, they were immobilized with a cus-

tom-fit blue bag vacuum mold (Medical Intelligence,

Inc.). They were told to relax with their eyes closed, and

to attenuate scanner noise we used noise-reduction head-

phones and earplugs.

All subjects underwent MRI examination in a 3T Signa

HDx MR scanner (General Electric Healthcare, Waukesha,

WI) using an eight-channel phased array coil. The proto-

col for the DWI acquisition consisted of three images

without diffusion gradients (b = 0 s/mm2) and 45 images

measured with 45 directions (b = 1000 s/mm2) isotropi-

cally distributed in space (axial acquisition, echo time

= 89 msec, repetion time = 10100 msec, slice thickness =
2.6 mm with no gap, resolution = 2.6 x 2.6 x 2.6 mm,

flip-angle = 90�, and field of view = 250 mm).

All DWI data were preprocessed with FMRIB’s Diffu-

sion Toolbox (FDT, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

FDT/), part of FMRIB Software Library (FSL version

5.0.10).28,29 Image artifacts, due to eddy current distor-

tions, head motion, and field map were corrected using
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the EDDYCORRECT, FUGUE, and PRELUDE functions

respectively. Then, the average b0 images were brain-ex-

tracted to remove all nonbrain tissue using the FMRIB’s

Brain Extraction Toolbox. After that, the brain mask was

applied to the remainder of the DWI. Next, DTIFIT func-

tion was used for fitting the diffusion tensor model for

each voxel via linear regression to create FA, MD, AD,

and RD maps.

Voxel-wise analyses of whole-brain white matter mea-

sures were performed with the TBSS package (http://

www.fmrib.ox.ac.uk/fsl/tbss/index.html).30 In summary,

all the individual FA images were aligned into a com-

mon space by nonlinear registration using the FNIRT

tool and the FMRIB58_FA standard-space template.

After that, images were averaged to create a mean FA

image, which was thinned to create a white matter tract

“skeleton” using an FA threshold of 0.2 to exclude

non-white matter voxels. Aligned FA data for each sub-

ject were then projected onto this skeleton, resulting in

an alignment-invariant representation of the central

Table 1. Comparison of demographic, clinical, and neuropsychiatric domains of orthostatic tremor patients versus HCs.

Orthostatic tremor patients (N = 14) HCs (N = 14) P value

Age in years 65.0 (66.9) � 13.9 63.3 (65.0) � 12.9 0.740a

Sex (female) 12 (85.7%) 9 (64.3%) 0.190

Education in years 8.0 (8.0) � 4.9 10.0 (10.0) � 3.3 0.205a

Depressive symptoms

17-item Hamilton Depression Rating Scale total score 7.1 (6.0) � 6.7 7.6 (7.0) � 6.4 0.843a

On medications with central nervous system effects 1 (7.1%) 4 (28.6%) 0.326

Age at onset, years 55.6 (60.0) � 14.7 –

Disease duration, years 9.5 (7.2) � 6.9 –

EuroQol-5D index score 0.8 (0.7) � 0.2 –

EuroQol visual analogue scale 68.2 (77.5) � 24.5

Cognitive domains

Attention

Direct Digit Span subtest from the WAIS-III 5.2 (5.0) � 1.5 7.2 (6.5) � 2.6 0.035b

Coding-Digit Symbol subtest from the WAIS-III 39.0 (28.5) � 31.4 167.1 (73.0) � 240.5 0.013b

Executive function

Stroop Color–Word Trial 24.6 (22.0) � 13.9 30.2 (36.5) � 15.7 0.346a

Wisconsin Card Sorting Test

Perseverations 34.3 (26.0) � 29.3 33.8 (28.5) � 30.5 0.964a

Nonperseverative errors 66.6 (69.0) � 26.4 36.3 (24.5) � 27.2 0.007a

Similarities subtest from the WAIS-III 11.4 (9.5) � 4.9 23.2 (19.5) � 10.0 <0.001b

Indirect Digit Span subtest from the WAIS-III 3.1 (3.0) � 1.3 4.8 (5.0) � 1.2 0.002b

Controlled Oral Word Association Test 26.1 (26.5) � 21.8 38.1 (41.0) � 15.0 0.102a

Tower of London (time of execution in seconds) 551.0 (492.5) � 307.9 258.4 (229.5) � 214.6 0.011b

Frontal Battery Assessment 14.3 (15.0) � 3.2 18.4 (17.0) � 5.2 0.022b

Visuospatial ability

Benton Judgment of Line Orientation Test 8.3 (8.5) � 3.2 14.0 (10.5) � 10.1 0.085b

Hooper Visual Organization Test 28.6 (29.0) � 14.3 44.3 (46.5) � 9.6 0.002a

Verbal memory

WMS-III Word List

Learning trials total 26.3 (24.0) � 7.2 24.4 (28.0) � 13.4 0.653a

Immediate recall 5.0 (4.5) � 2.4 11.3 (8.5) � 7.9 0.002b

Delayed recall 4.6 (4.0) � 2.8 6.9 (7.0) � 2.5 0.032a

Recognition 19.8 (20.5) � 4.0 19.1 (22.0) � 7.7 0.401b

Visual memory

Brief Visuospatial Memory Test-Revised

Learning trials 15.1 (10.5) � 12.3 24.7 (31.0) � 11.9 0.031b

Delayed recall trial 5.5 (4.5) � 4.8 12.6 (12.0) � 5.2 0.001b

Recognition trial 11.7 (12.0) � 0.5 11.1 (12.0) � 1.9 0.804b

Language

Boston Naming Test 41.0 (37.0) � 11.1 51.9 (53.5) � 11.3 0.014b

Total number of animals as possible in 1 minute 15.0 (13.0) � 7.6 26.5 (27.0) � 9.6 0.001b

Mean (median) � SD and frequency (%) are reported. aStudent’s t tests or bMann–Whitney U test were used for comparisons of continuous data;

chi-square test for sex and Fisher exact test for the intake of medications with central nervous system effects. WAIS-III = Wechsler Adult Intelli-

gence Scale-Third Edition. WMS-III = Wechsler Memory Scale-Third Edition. Significantly different values are in bold font.

ª 2019 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 2215

J. Benito-Le�on et al. Tract-Based Spatial Statistics Study in Orthostatic Tremor

http://www.fmrib.ox.ac.uk/fsl/tbss/index.html)
http://www.fmrib.ox.ac.uk/fsl/tbss/index.html)


trajectory of white matter pathways for all subjects. The

individual registration and skeleton projections obtained

in the previous FA analysis was then applied to the

other diffusion-derived MD, AD, and RD images.

The voxel-wise analysis in FA, MD, AD, and RD

images comparing controls and OT patients was done

using permutation-based inference for nonparametric sta-

tistical thresholding (FSL’s “randomize” function)31 and a

two-sample t-test using the total intracranial volume, sex,

and age as confounding regressors. To allow robust statis-

tical inference, the number of permutations was set to

5000. A significance level of P < 0.001 was selected for

between-group comparisons using the randomized tool’s

threshold-free cluster enhancement (TFCE) option.32 To

identify white matter tracts, we used the ICBM-DTI-81

white matter atlas provided by FSL.33,34 Finally, we identi-

fied significant white matter clusters by their cluster size

and by their coordinates (using the Montreal Neurological

Institute coordinate system).

Statistical analyses of clinical and
neuropsychological data

Statistical analyses for the clinical and neuropsychological

scores were performed using Statistical Package for the

Social Sciences (SPSS) Version 22.0 (SPSS, IBM Corpora-

tion). Age, years of education, and neuropsychological vari-

ables were compared using two independent sample t-tests

for continuous and normally distributed data, and Mann–
Whitney U test for nonnormally distributed data, where

appropriate. The chi-square test and Fisher’s exact test were

used to analyze differences in categorical variables.

Linear regression analyses were performed to assess dif-

ferences between OT patients and HCs in neuropsycho-

logical scores. Those scores were adjusted for age, sex,

years of education, and depressive symptoms. Using a

one-sample Kolmogorov–Smirnov test, we tested whether

neuropsychological and personality scores were normally

distributed, and, for several scores, a logarithmic transfor-

mation was performed prior to linear regression analyses.

Correlations between disease duration, EuroQol-5

score, 17-item Hamilton Depression Rating Scale total

score, neuropsychological scores, and altered diffusion

metrics in OT patients were determined using Pearson’s

or Spearman’s correlation coefficients when appropriate.

For the diffusion metrics, we used the average value for

each cluster.

Data availability statement

Anonymized data will be shared by request from any

qualified investigator, only for purposes of replicating

procedures and results.

Results

Clinical details of the OT patients have been published

elsewhere.10 All 14 OT patients were right-handed. There

was a female preponderance (85.7%) with a mean age of

onset of 55.6 years (Table 1). Nine (64.3%) patients pre-

sented with primary OT and five (35.7%) had MPS. The

nine patients with primary OT patients were younger to

the five OT patients who had MPS (mean

age = 59.1 � 13.8 years vs. 75.7 � 4.6 years, Student’s t

test = �2.583, P = 0.024), but had a similar perception of

their health-related quality of life (mean EuroQol-5D

index score = 0.8 � 0.1 vs. 0.7 � 0.1, Student’s t

test = 1.568, P = 0.143). In addition, there was no sex

difference (seven [77.8%] vs. five [100.0%] women, chi-

square = 1.296, P = 0.255).

None had cerebellar atrophy on structural brain MRI.

Before MRI procedure, all 14 OT patients underwent elec-

tromyographic analysis, which revealed a synchronous 10-

to 18-Hz leg tremor present only on standing. No

patients were being treated with medication for OT.

The 14 right-handed OT patients (12 women and 2

men) were compared with 14 right-handed HCs (9

women and 5 men). The OT patients did not differ from

the HCs in terms of age, sex, years of education, and

depressive symptoms (Table 1). The results of neuropsy-

chological testing, which were performed between 1 and 3

weeks before MRI, are shown in Table 1. In all domains,

OT patients’ cognitive performance was significantly

worse than that of the HCs.

OT patients and HCs did not differ to a significant

degree in terms of demographic features; however, if the

sample size had been larger, several of these features

could have differed significantly. Therefore, we performed

adjusted analyses to take any potential confounding into

account. In linear regression analyses that adjusted for age

in years, sex, years of education, and depressive symp-

toms, we found that diagnosis (OT vs. HC) was associ-

ated with poor performance on most neuropsychological

test scores, particularly on tests of attention, executive

function, visuospatial ability, verbal memory, visual mem-

ory, and language (Table 2).

Primary Aim: Comparison of DTI metrics
between OT patients and HCs

OT patients demonstrated decreased FA values in the

anterior limb of internal capsule bilaterally, right insula,

and splenium of corpus callosum compared with HCs

(See Figure 1 and Table 3) for more details (all PTFCE-

corrected < 0.001). In addition, MD values in the left

superior cerebellar peduncle, RD values in left cerebellar

lobule VI and medial lemniscus bilaterally, and AD
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values in right posterior limb of the internal capsule

and the left anterior corona radiata, were significantly

increased in OT patients compared with HCs (all

PTFCE-corrected < 0.001).

In the secondary analyses, we excluded the five OT

patients with MPS, and the results were similar (data not

shown).

Secondary aim: Correlation Analyses

The correlations between diffusion measures, which

were statistically different at a PTFCE-corrected < 0.001

level between both groups, and the clinical and neu-

ropsychological tests in the OT group are shown in

Table 4. Diffusion white matter changes, mainly those

located in right anterior limb of the internal capsule,

were correlated with worse performance on executive

function, visuospatial ability, verbal memory, and visual

memory. Furthermore, there was a significant positive

correlation between FA in the right anterior limb of

internal capsule and the EuroQol-5D index score (i.e.,

the lower the FA, the worse health-related quality of

life). No significant relationship was found between dif-

fusion tensor imaging measures and disease duration in

OT patients.

Discussion

In the current study, we used whole-brain TBSS analysis

to assess white matter microstructure in OT, finding not

only altered diffusivity metrics in the posterior lobe of the

cerebellum (left cerebellar lobule VI) and in its efferent

cerebellar fibers (left superior cerebellar peduncle), but

also in the medial lemniscus bilaterally (pontine tegmen-

tum), anterior limb of the internal capsule bilaterally, left

anterior corona radiata, and right insula), the splenium of

corpus callosum, and the right anterior limb of internal

capsule.

Furthermore, decreased FA, mainly located in right

anterior limb of the internal capsule, but also in left ante-

rior limb of the internal capsule and in the right insula

was correlated with worse performance on executive func-

tion, visuospatial ability, verbal memory, and visual mem-

ory. Increased AD in the right posterior limb of the

internal capsule was also correlated with the performance

of the Tower of London (executive function). The ulti-

mate mechanism linking white matter changes with speci-

fic cognitive domains in OT is unknown. It is obvious

that correlation and causality are not the same. Demon-

strating that the white matter changes preceded the cogni-

tive deficits would be a step forward in establishing

Table 2. Linear regression analyses using each neuropsychological test score as the outcome variable in separate adjusted models.

Outcome variable1

Orthostatic tremor (N = 14)

Beta P value

Attention Direct Digit Span test from the WAIS-III �0.315 0.081

Coding-Digit Symbol subtest from the WAIS-III �0.488 0.011

Executive Function Stroop Color–Word Trial �0.176 0.245

Wisconsin Card Sorting Test

Perseverations �0.021 0.919

Nonperseverative errors 0.436 0.019

Similarities subtest from the WAIS-III �0.525 <0.001

Indirect Digit Span subtest from the WAIS-III �0.406 0.021

Controlled Oral Word Association Test �0.179 0.263

Tower of London (time of execution in seconds) 0.441 0.015

Frontal Assessment Battery �0.381 0.052

Visuospatial ability Benton Judgment of Line Orientation Test �0.198 0.241

Hooper Visual Organization Test �0.444 0.001

Verbal memory WMS-III Word List

Learning list 0.121 0.369

Immediate recall �0.437 0.018

Delayed recall �0.333 0.034

Recognition 0.303 0.196

Visual memory Brief Visuospatial Memory Test -Revised

Learning trials total �0.336 0.057

Delayed free recall trial �0.451 0.013

Recognition trial 0.294 0.149

Language Boston Naming Test �0.419 0.007

Total number of animals as possible in 1 minute �0.419 0.007

1Adjusted for age, sex, years of education, and depressive symptoms. Significant values are in bold font.
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causality; notwithstanding, in the lack of a prospective,

longitudinal study, this is not possible. However, it is

more biologically plausible that the white matter changes

resulted in the cognitive deficits than vice versa.

Among the brain functional loops that are related to

tremor generation, one of the most important is the Guil-

lain–Mollaret triangle, which links the dentate nucleus of

the cerebellum, via the superior cerebellar peduncles, with

the contralateral red nucleus and the inferior olive (the so

called dentate-rubro-olivary tract).35 Damage in the den-

tate or their outflow tract to the contralateral ventrolat-

eral thalamus leads to cerebellar intention tremor.36 In

this study, increased MD values of the left superior cere-

bellar peduncle suggest altered output from the cerebel-

lum in OT.

Of special interest is the increased MD values of the left

cerebellar lobule VI, which is part of the sensorimotor

cerebello-cerebral network. The involvement of this struc-

ture is in line with the results of a recent multimodal

approach addressing the morphological and functional

alterations of OT.9 Specifically, the bilateral decrease in

gray matter volume in cerebellar lobule VI correlated neg-

atively with disease duration and positively with clinical

severity.9 In addition, the cerebellar lobule VI showed

increased functional connectivity with the bilateral sup-

plementary motor area, which was associated with more

severe tremor.9 Furthermore, the cerebellar lobule VI

showed increased functional connectivity with the pri-

mary motor cortex leg and trunk area.9 Lastly, after

repeated cerebellar stimulation, the bilateral cerebellar

lobule VI showed a decreased functional connectivity with

both the supplementary motor area and the primary

motor cortex leg and trunk area compared to baseline.9

The increased RD values in the medial lemniscus bilat-

erally are also of interest. The medial lemniscus, which

comprises the most important afferent fiber tracts of the

exteroceptive sensitivity from the caudal medulla to the

ventral posterolateral nucleus of the thalamus, and subse-

quently the primary somatosensory cortex, are located in

the pontine tegmentum.37 These structures could be

involved in the pathophysiology of OT. In a recent 18F-

fluorodeoxyglucose-positron emission tomography study,

increased regional cerebral glucose metabolism in the

pontine tegmentum, the posterior cerebellum, the ventral

intermediate and ventral posterolateral nucleus of the tha-

lamus, and the primary motor cortex bilaterally were

found compared to controls. However, glucose metabo-

lism was decreased in mesiofrontal cortical areas and the

Figure 1. Differences in fractional anisotropy (first column), radial diffusivity (second and third columns), axial diffusivity (fourth and fifth

columns), and mean diffusivity (sixth column) values in orthostatic tremor patients versus healthy controls. Results from between-group

comparison showing clusters with significantly decreased fractional anisotropy (light blue colormap) and increased radial (red–yellow colormap),

axial (green colormap) and mean (pink colormap) diffusivity values in orthostatic tremor patients compared with healthy controls (PTFCE-

corrected < 0.001). The group-averaged white matter skeleton (fractional anisotropy threshold> 0.2) is shown in dark blue. Group differences are

mapped onto a standard T1 Montreal Neurological Institute template. Images are in radiological convention (i.e., findings in the left hemisphere

are displayed on the right and vice versa). The color bar represents statistical significance (1 minus P value). FA, fractional anisotropy; RD, radial

diffusivity; AD, axial diffusivity; MD, mean diffusivity; PTFCE-corrected, threshold-free cluster enhancement corrected P; ALIC L/R left and right

anterior limb of internal capsule; INS R; right insula; SCC, splenium of corpus callosum; LVI L, left cerebellar lobule VI; ML L/R, left and right

medial lemniscus; PLIC R, right posterior limb of the internal capsule; ACR L, left anterior corona radiata; SCP L, left superior cerebellar peduncle.
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bilateral anterior insula while lying and standing.14 The

involvement of the pontine tegmentum seems to be

exclusive in OT, unlike other tremor disorders.14 Taken

together, one could hypothesize that, in OT, upright

stance would cause abnormal hyperexcitability in an

already damaged medial lemniscus sensory pathway that

would trigger the cerebello-thalamo-cortical network.

Of additional interest, we found that some of the affected

areas (left superior cerebellar peduncle, anterior limb of

internal capsule bilaterally, left anterior corona radiate,

right insula, right posterior limb of internal capsule and

splenium of corpus callosum) are associated with cognition

in some way. First, the superior cerebellar peduncle and the

anterior limb of the internal capsule are key components of

the frontal–thalamic–cerebellar circuit.38 The anterior limb

of the internal capsule connects prefrontal cortex with the

thalamus and brainstem and is associated with different

aspects of emotion, motivation, cognition processing, and

decision-making.39 Second, the corticospinal tract forms

part of the descending spinal tract system that connects

motor cortex to the brain stem and spinal cord.40 These

tracts converge into the corona radiata and continue

through the posterior limb of the internal capsule to the

cerebral peduncle on their way to the lateral funiculus.40

Corticospinal tract originates mainly from the primary

motor cortex; however, projections from other areas

including the somatosensory, cingulate, and insular cortices

are also found.41 Hence, the corticospinal tract and, obvi-

ously, the posterior limb of internal capsule, might be

involved in a variety of functions, including cognition.

Third, although the function of insular cortex is unknown,

it has been associated with cognitive and emotional pro-

cesses.42 Finally, the involvement of the splenium of the

corpus callosum is related to a key default mode cortical

network hub, the posterior cingulate cortex.43,44 The

default mode network is well known to be involved in cog-

nitive processes,43 and previous research by our group has

reported abnormal functioning of default mode network

regions in OT.16 Overall, damage of all those structures

might alter the connectivity between brain regions involved

in mood and cognition,45 and therefore be associated with

nonmotor manifestations that have been related to OT,

such as cognitive deficits or personality changes.15

The study had a primary and a secondary aim. For the pri-

mary aim, the p values we report are very low (P = 0.001–
0.009, Table 2) and not likely due to Type I error. The P val-

ues for our secondary aim were less robustly significant, so

one must consider Type I error. Arguing against Type I error,

however, is that the r values themselves were large (r = 0.56–
0.77), which suggests that the associations are genuine rather

than spurious. The p values associated with those r values

were modestly significant, that is probably a reflection of a

modest statistical power in the setting of a small sample.

Our study has limitations. First, the sample size was

relatively small. However, in general, neuroimaging stud-

ies of OT only include small sample sizes.9,14 OT is a very

rare disease and hence it is rather difficult to recruit

patients for case–control studies. Although there are no

Table 3. White matter clusters showing decreased fractional anisotropy and increased mean diffusivity, radial diffusivity, and axial diffusivity in

orthostatic tremor patients versus healthy controls (PTFCE-corrected < 0.001).

White matter areas Difference in mean t-statistic

Montreal

Neurological

Institute

coordinates

Cluster size (number of voxels) P valuex y z

Right anterior limb of internal capsule1 0.016 2.4 16 6 �5 20 0.002

Left anterior limb of internal capsule1 0.024 2.3 �17 4 �1 10 0.005

Right insula1 0.029 3.1 51 5 8 5 0.006

Splenium of corpus callosum1 0.030 2.8 15 �47 30 5 0.001

Left superior cerebellar peduncle2 �2.78 9 10�5 3.4 0 �33 �16 5 0.008

Left cerebellar lobule VI3 �1.38 9 10�5 2.7 �28 �47 �28 10 0.005

Left medial lemniscus3 �1.61 9 10�5 1.9 0 �35 �26 5 0.006

Right medial lemniscus3 �1.95 9 10�5 2.1 7 �35 �26 5 0.009

Right posterior limb of the internal capsule4 �9.47 9 10�5 2.7 12 �5 8 5 0.007

Left anterior corona radiata4 �1.12 9 10�4 2.5 �25 43 2 5 0.003

White matter clusters with
1decreased fractional anisotropy,
2increased mean diffusivity,
3increased radial diffusivity, and
4increased axial diffusivity.

PTFCE-corrected, threshold-free cluster enhancement corrected. Differences in mean values between orthostatic tremor patients and healthy controls.
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epidemiological data, in the follow-up evaluation of the

Neurological Disorders of Central Spain study,46 neurolo-

gists detected only one patient with OT in a cohort of

approximately 4000 elderly subjects (data not published).

Notwithstanding, our sample was adequate to detect a

number of white matter differences in several areas

between the two study groups, which are in line with pre-

vious research. Second, the small sample did not allow us

to separate subjects based on the type of OT (primary vs.

those cases with MPS). However, our aim was to examine

whether OT patients in general had white matter differ-

ences when compared with matched HCs. All the same,

after excluding those OT patients with MPS, the results

were similar. Finally, the results of our correlation analy-

ses should be interpreted carefully because they were not

controlled for multiple comparisons. However, as this was

a study of a rare condition, the sample size was small.

Small sample size lessens the likelihood of detecting a sta-

tistically significant difference during statistical testing

even when one truly exists (i.e., Type II statistical error).

In this situation, investigators generally concentrate less

on the p value and the adjustment for multiple compar-

isons and they concentrate more on the magnitude of the

correlation coefficients (e.g., whether r = 0.3, r = 0.4,

r = 0.5, r = 0.6). That was our approach and that was the

value of our data. This study also had several strengths.

First, this is the first study that has been designed to

detect microstructural white matter changes in OT, and

to search for correlations of these changes with scores

from a neuropsychological testing battery to understand

their pathophysiological implications. Second, assessments

were conducted prospectively in a standardized manner.

Finally, the tests included are among the most sensitive

neuropsychological measures to detect cognitive impair-

ment in tremor disorders.47,48

In closing, diffusion white matter changes were prefer-

entially located in the cerebellum, its efferent pathways, as

well as in the pontine tegmentum and key components of

the frontal–thalamic–cerebellar circuit. Abnormalities in

this latter circuit could be related to the pathogenesis of

cognitive deficits in OT. Further work needs to be done

to understand the evolution of these white matter changes

and their functional consequences.

Acknowledgments

We acknowledge the neuropsychologist Ver�onica Puertas-

Mart�ın, for her assistance with the project.

Table 4. Matrix of significant correlations among diffusion measures statistically different at a PTFCE-corrected < 0.001 and the clinical and neu-

ropsychological tests in orthostatic tremor patients.

Right posterior limb of

the internal capsule

(axial diffusivity)

Left anterior limb of the

internal capsule

(fractional anisotropy)

Right anterior limb of the

internal capsule

(fractional anisotropy)

Right insula

(fractional anisotropy)

EuroQol-5D index score 0.649 (P = 0.012)1

Cognitive domains

Executive function

Stroop Color–Word Trial 0.667 (P = 0.018)1

Wisconsin Card Sorting Test

Perseverations

Nonperseverative errors

Similarities subtest from the WAIS-III 0.544 (P = 0.044)2

Tower of London

(time of execution in seconds)

0.635 (P = 0.015)2

Visuospatial ability

Hooper Visual Organization Test 0.606 (P = 0.028)1

Verbal memory

WMS-III Word List

Learning trials total 0.777 (P = 0.001)1 0.668 (P = 0.009)1

Immediate recall 0.771 (P = 0.001)2

Delayed recall 0.561 (P = 0.037)1 0.676 (P = 0.008)1

Recognition 0.603 (P = 0.022)2 0.610 (P = 0.021)2

Visual memory

Brief Visuospatial Memory Test-Revised

Learning trials 0.564 (P = 0.036)2

Delayed recall trial 0.632 (P = 0.015)2

1Pearson product–moment correlation coefficient.
2Spearman’s rank correlation coefficient.
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