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Aberrant sensory processing plays a fundamental role in the pathophysiology of dystonia; however, its underpin-

ning neuralmechanisms in relation to dystonia phenotype and genotype remain unclear.We examined temporal

and spatial discrimination thresholds in patientswith isolated laryngeal formof dystonia (LD),who exhibiteddif-

ferent clinical phenotypes (adductor vs. abductor forms) and potentially different genotypes (sporadic vs. famil-

ial forms). We correlated our behavioral findings with the brain gray matter volume and functional activity

during resting and symptomatic speech production. We found that temporal but not spatial discrimination

was significantly altered across all forms of LD, with higher frequency of abnormalities seen in familial than spo-

radic patients. Common neural correlates of abnormal temporal discrimination across all forms were foundwith

structural and functional changes in themiddle frontal and primary somatosensory cortices. In addition, patients

with familial LD had greater cerebellar involvement in processing of altered temporal discrimination, whereas

sporadic LD patients had greater recruitment of the putamen and sensorimotor cortex. Based on the clinical phe-

notype, adductor form-specific correlations between abnormal discrimination and brain changes were found in

the frontal cortex, whereas abductor form-specific correlations were observed in the cerebellum and putamen.

Our behavioral and neuroimaging findings outline the relationship of abnormal sensory discrimination with

the phenotype and genotype of isolated LD, suggesting the presence of potentially divergent pathophysiological

pathways underlying different manifestations of this disorder.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Isolated focal dystonia is a multifactorial disorder with unclear

causes and pathophysiology, which may affect various body regions,

from eyelid to foot muscles. This phenotypical heterogeneity is further

expanded by the task-specific forms of focal dystonia, which selectively

affect similar muscle groups but lead to clinically distinct symptoms,

such as writer's cramp vs. musician's hand dystonia or adductor vs.

abductor laryngeal dystonia. Whether the different forms of dystonia

have a commonunderlying pathophysiologicalmechanism andwhether

there are additional genetic or environmental factors that divert patients

into different clinical phenotypes remain largely unknown. Contributing

to this, gene discovery for isolated task-specific focal dystonias has been

stagnant due, in part, to the small effect size of a risk allele on phenotypic

variance, the lack of neural integrity markers of dystonia carriers, and

poor understanding of their interplaywith genes contributing to this dis-

order. However, several factors, including the family history of dystonia

in up to 12% of patients with isolated focal dystonias (Chan et al., 1991;

Friedman and Fahn, 1986; Grandas et al., 1988; Kirke et al., 2015;

Maniak et al., 2003; Sheehy et al., 1988), suggest that genetic susceptibil-

ity or dominantly inherited genes with reduced penetrance may be

involved in the etiopathophysiology of this disorder.

To this end, behavioral studies examining the underlying quantitative

traits have recently hinted to the presence of the mediational

endophenotypic markers of dystonia, which reflect gene expression and

share common pathogenetic mechanisms with phenotype, thus linking

genes with phenotype (Hutchinson et al., 2013). Specifically, the abnor-

mal temporal discrimination threshold (TDT), a significantly extended
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time interval at which a subject perceives two stimuli as being asynchro-

nous, has been proposed as a mediational endophenotype of dystonia

(Hutchinson et al., 2013) based on the findings inwriter's cramp, cervical

dystonia, blepharospasm and generalized dystonia (Aglioti et al., 2003;

Bradley et al., 2009, 2012; Fiorio et al., 2003, 2008) as well as in up to

52% of unaffected relatives of patientswith DYT1 and adult-onset cervical

dystonias (Bradley et al., 2009; Fiorio et al., 2007; Kimmich et al., 2014).

However, despite its possible importance in the pathophysiology of dys-

tonia, our understanding of the relationships between abnormal sensory

processing as a dystonia endophenotype and brain abnormalities under-

lying the pathophysiology of dystonia remains scarce.

In this study, we examined the visual temporal discrimination

thresholds (TDT) in a large cohort of 84 patients with isolated laryngeal

form of dystonia (LD), including patients with different clinical pheno-

types (adductor vs. abductor forms) and possibly different genotypes

(sporadic vs. familial forms), in order to determine phenotype- and pu-

tative genotype-specific features of abnormal temporal discrimination.

We further investigated the relationships between TDT abnormalities,

LD clinical symptoms, and brain structural and functional changes

using voxel-based morphometry (VBM) of gray matter volume and

functional MRI (fMRI) during both symptomatic speech production

and the resting state. In addition, because the tactile spatial discrimina-

tion thresholds (SDT) have been previously reported to be altered in

writer's cramp, blepharospasm, cervical dystonia but not in generalized

DYT1 dystonia (Molloy et al., 2003), we assessed the SDT in the same

cohort of LD patients. To establish the baseline measures, the TDT

and SDT were also examined in 30 age- and gender-matched healthy

individuals.

We hypothesized that both TDT and SDT will be significantly abnor-

mal across the different groups of LD patients compared to controls.

Because abnormal discrimination may represent a mediational

endophenotype closer to genes than to clinical phenotype of dystonia

(Hutchinson et al., 2013), we hypothesized that these alterations

would be greater in familial than sporadic patients. Based on the prior

reports of TDT abnormalities in unaffected first-degree relatives of cer-

vical dystonia patients and asymptomatic carriers of DYT1 mutation

(Kimmich et al., 2011, 2014), we hypothesized that abnormalities in

discrimination would not significantly correlate with LD symptom

duration or severity. However, because genes have an immediate

impact on brain organization (Meyer-Lindenberg, 2010), we expected

that abnormal sensory discrimination would establish significant

correlations with the structure and function of brain regions, which

likely contribute to dystonia pathophysiology (Neychev et al., 2011;

Ramdhani and Simonyan, 2013; Zoons et al., 2011) and are related to

abnormal speech motor control in patients with laryngeal dystonia.

Specifically, we hypothesized that distinct patterns of correlations

between sensorimotor, basal ganglia and cerebellar abnormalities and

abnormal sensory discrimination would differ between sporadic and

familial LD as well as adductor (ADLD) and abductor (ABLD) forms.

2. Methods

2.1. Subjects

We recruited 102 LD patients and 53 healthy controls. Our exclu-

sion criteria included the presence of other forms of dystonia, left-

handedness, bilingual non-native English speakers, past or present

history of neurological, psychiatric, laryngeal or cognitive problems, im-

paired visual or tactile acuity, and known dystonia gene mutation.

Based on these stringent exclusion criteria as well as study dropouts,

the final subject groups comprised:

(1) 60 sporadic LD patients without family history of any form of

dystonia, including 30 ADLD and 30 ABLD forms;

(2) 24 familial LDpatientswith one ormore familymembers affected

with LD or other forms of primary dystonia, including 17 ADLD

and 7 ABLD;

(3) 30 healthy controls.

All final study participants were right-handed and monolingual

native English speakers. None had any history of neurological (other

than isolated LD in patients), psychiatric, or laryngeal problems. All sub-

jects scored ≥27 points at the Mini-Mental State Examination, which

is indicative of normal cognition (Table 1). Genetic testing performed

on blood samples from all final study participants found no TOR1A

(DYT1), THAP1 (DYT6), TUBB4A (DYT4) or GNAL (DYT25) mutations.

None of the subjects had any conditions resulting in a loss of visual or

tactile acuity, whichmay have interfered with the completion of exper-

imental testing. The diagnosis of LD was confirmed by fiberoptic

nasolaryngoscopy. The patients who received botulinum toxin injec-

tions participated in the study only when they were symptomatic,

i.e., at the end of their treatment cycle at least 3–4 months after their

last injection.

All subjects providedwritten informed consents,whichwas approved

by the Institutional Review Board of the Icahn School of Medicine at

Mount Sinai.

2.2. Sensory testing

The visual TDT examwas performed using a custom-made device

with two LED flashing lights according to a previously reported pro-

tocol (Bradley et al., 2009). The subject was instructed to focus on a

reference focal point in the middle of the subject's field of view at a

constant distance of 70 cm, while the device with two LED-flashing

lights was positioned within the subject's left or right peripheral vi-

sion at a constant distance of 10 cm from the reference focal point.

The left/right setup was randomized between the subjects, and

both sites were tested in all subjects. While focusing on a focal

point, all subjects were instructed to assess the flashing of the two

LED lights, which were presented at 5-s intervals and illuminated

Table 1

Demographic and clinical data.

Sporadic Familial Controls

ADLD ABLD ADLD ABLD

Number of subjects 30 30 17 7 30

Age (years; mean ± standard deviation) 57.4 ± 10.4 53.1 ± 12.5 55.9 ± 15.9 58.1 ± 13.0 49.7 ± 9.5

Gender (female/male) 23/7 26/4 16/1 5/2 18/12

Handedness (Edinburgh inventory) Right

Language Monolingual native English

Cognitive status Mini-Mental State Examination ≥ 27 points

Genetic status Negative for DYT1, DYT4, DYT6 and DYT25

Disease duration (years; mean ± standard deviation) 14.7 ± 9.6 12.2 ± 8.9 20.6 ± 13.9 24.7 ± 19.7 N/A

Symptom severity (visual analog scale; mean ± standard deviation) 7.2 ± 1.9 7.8 ± 1.9 7.0 ± 2.4 7.9 ± 1.5 N/A

TDT and SDT values did not show statistical differences between younger (b50 years old) and older (N50 years old) participants or between male and female participants (all p ≥ 0.05,

corrected formultiple comparisons). Therewere no statistically significant differences between the groups in age or gender; the patient groups did not differ statistically in their symptom

severity or disorder duration (all corrected p N 0.05).
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for 5 ms, first appearing simultaneously and then gradually separat-

ing from each other in 5-ms steps. After the presentation of each

stimulus pair, subjects verbally reported whether the LEDs appeared

to flash synchronously or asynchronously. The same task was per-

formed 6 times with the LED device positioned on each left and

right site (total of 12 trials). The first of three correct consecutive

responses, when the subject recognized the stimuli to be asynchro-

nous, was considered as an interstimulus interval and defined as

the subject-specific TDT. The median of these responses for 6 trials

per each left and right sites was computed in order to account for

the practice effect and then averaged to derive the TDT of the subject.

Tactile SDT was tested using a geometric series of (Semmes

Weinstein) Von Frey monofilaments with the forces ranging from 2 to

0.008 g as described earlier (Belluscio et al., 2011). All subjects were

blindfolded and paired presentations of an actual touch by the monofil-

ament or a sham without a contact was randomly delivered to the

glabrous part of the right hand. The stimuliwere delivered in both direc-

tions of increasing and decreasing forces, with the initial choice of force

direction randomized between the subjects. Subjectswere asked to ver-

bally identify the touch by the monofilament. The individual thresholds

were calculated as themean of the first of the three correct consecutive

responses in each tested direction in each subject. Because the stimuli

were delivered in both increasing and decreasing forces and because

subjects were not made aware that one of the stimuli was a sham, sub-

jects perceived finer monofilaments similar to shams, and vice versa.

Conversely, at stronger forces, monofilaments were perceived as one

stimuluswith a definite distinction froma sham.We therefore acknowl-

edge that this tactile stimulation fell in between tactile threshold detec-

tion and discrimination.

All TDT and SDT measures were converted into the standardized Z

scores as follows:

Z-score = (patient's actual measure − control mean measure) /

control standard deviation measure.

Z scores ≥2.0 were considered abnormal. Because Shapiro–Wilk

tests found that data in some groups were not normally distributed

(TDT: W ≤ 0.88, p ≤ 0.0005; SDT: W ≤ 0.86, p ≤ 0.004), we used

non-parametric tests to assess the statistical differences between

the groups while accounting for the variance differences in TDT/

SDT measures. We conducted two a priori Kruskal–Wallis non-

parametric analyses to estimate the overall group differences (1) be-

tween controls, sporadic and familial LD patients, and (2) between

controls, ADLD and ABLD phenotypes, including TDT and SDT mea-

sures as dependent variables at p ≤ 0.025 to correct formultiple com-

parisons,whichwere followed bypost hocMann–WhitneyU tests to

determine significant differences between the groups, wherever ap-

propriate. ADLD and ABLD groups included both sporadic and famil-

ial cases because no significant statistical differences in either TDT or

SDTmeasures were found in sporadic vs. familial ADLD or in sporad-

ic vs. familial ABLD (all p ≥ 0.10). To estimate the accuracy of obtain-

ed statistical significance of each test, we performed nonparametric

bootstrapping with replacement in 1000 samples to calculated 95%

confidence interval (CI) for the differences between the groups.

Analyses of the frequency rates of abnormal TDT between sporadic

and familial groups and between ADLD and ABLD patients were car-

ried out using Chi-square tests of association with bootstrap resam-

pling with replacement in 1000 samples at an adjusted p ≤ 0.025 to

correct for multiple comparisons. Finally, we used Pearson's correla-

tion coefficients to examine the relationships between abnormal

sensory discrimination and disorder duration and severity. LD sever-

ity was assessed using a visual analog scale that used 10 gradations

along a 100-mm line with distance in mm used to indicate the de-

gree of severity of LD-characteristic voice symptoms (i.e., breaks,

effort) during the production of 20 sentences containing a high

number of glottal stops before the vowels to elicit symptoms of

ADLD and 20 sentences containing a high number of voiceless con-

sonants (f/s/h/p/t/k) to elicit symptoms of ABLD (Ludlow et al.,

2008).

2.3. Magnetic resonance imaging (MRI)

To determine the contribution of abnormal TDT to brain structure

and function in LD, 23 patients (age 62.7 ± 5.9 years old; 17 females/6

males) with abnormal TDT underwent brain functional and structural

MRI. Based on their LD characteristics, 8 patients had familial LD

(4 ADLD/4ABLD; age 64.8 ± 4.8 years old; 6 females/2 males) and 15

patients had sporadic LD (8 ADLD/7 ABLD; age 61.7 ± 6.3 years old;

11 females/4 males). We examined gray matter volume, functional

brain activation during symptomatic speech production and resting

state in relation to abnormal TDT in all LD patients as well as in sporadic

vs. familial and ADLD vs. ABLD patients, separately.

All patients were scanned on a 3 Tesla Philips scanner with an 8-

channel head coil to obtain a high-resolution T1-weighted image as

well as functional images during the resting state and symptomatic sen-

tence production. To rule out structural lesions, anatomically reference

fMRI data, and carry out volumetric measurements of gray matter, a

high-resolution T1-weighted image was obtained using magnetization

prepared rapid gradient echo (MPRAGE) sequence with repetition

time (TR) = 7.5 ms, echo time (TE) = 3.4 ms, inversion time (TI) =

819 ms, flip angle (FA) = 8°, field of view (FOV) = 210 mm, 172 slices

with 1-mm slice thickness. T1-weighted images were processed using

VBM8 toolbox of SPM software running onMATLAB version 8.3. Images

were bias-corrected for MRI inhomogeneities and noise, tissue-

classified into gray matter using the unified segmentation approach

(Ashburner and Friston, 2005) and refined by applying adaptive a

posteriori estimations and a hidden Markov Random Field Model

(Cuadra et al., 2005). Gray matter probability maps were non-

linearly registered to the Montreal Neurological Institute (MNI)

space using the diffeomorphic registration (DARTEL) algorithm to

improve intersubject registration (Ashburner, 2007), modulated for

the non-linear component only by the Jacobian determinant of the de-

formations to preserve tissue volume after warping, and smoothed

using a 4-mm Gaussian kernel.

During resting-state fMRI, the participants were instructed to rest in

the scanner with their eyes closed without falling asleep and to avoid

thinking of anything in particular. Data were obtained using a single-

shot echo-planar imaging (EPI) gradient echo sequence (TR =

2000 ms, TE = 30 ms, FA = 90°, FOV = 240 mm, voxel size =

3 × 3 × 3.5 mm with 33 slices covering the whole brain). A total of

150 volumes per subject were acquired in 5 min of the scan time.

Resting-state fMRI data processing was performed using FSL software.

After removal of the first four volumes due to potential T1 stabilization

effects, images were motion corrected, high-pass filtered at 0.01 Hz as a

cut-off frequency, smoothed using a Gaussian kernel full-width at half-

maximum (FWHM) of 4 mm, registered to the individual's MPRAGE

using a six-parameter rigid transformation, and normalized to the

standard Talairach–Tournoux brain using a non-linear algorithm.

Preprocessed images were then submitted to a multiple linear regres-

sion to control for the effect of white matter and CSF mean signals, as

well as for the six motion parameters calculated during realignment of

the functional volumes.

Functional images during sentence production were acquired using

an event-related sparse-sampling design in order to minimize scanning

artifacts due to orofacialmovements and to neutralize the scanner noise

interference with acoustic stimulus presentation as described earlier

(Simonyan and Ludlow, 2010; Simonyan et al., 2013b). The experimen-

tal condition included production of AD- or AB-symptomatic sentences

(e.g., “Are the olives large?”; “My father has a new car”) and a resting
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condition as a baseline. The subjects first listened to the auditory exam-

ple of a task delivered through theMR-compatible headphoneswithin a

3.6-s interval and then reproduced the same task within a 5-s interval,

which was followed by a 2-s image acquisition while subjects silently

fixated their attention on the black cross. Whole-brain functional im-

ages were acquired with a gradient-weighted EPI pulse sequence

(TR = 2 s per volume and 10.6 s between volumes, TE = 30 ms,

FA = 90, FOV = 240 mm, voxel size = 3.75 × 3.75 mm, 36 slices with

4-mm slice thickness). Each subject completed 4 functional runs; each

functional run consisted of 24 tasks and 16 rest conditions. Functional

data were analyzed using AFNI software. Following the standard

image pre-processing and smoothing with a 4-mm FWHM Gaussian

kernel, the task-related responses were analyzed using multiple linear

regression with the task regressor convolved with a canonical hemody-

namic response function at a scaled peak-to-peak height of 1.0; six mo-

tion parameters (x, y, z translations; pitch, roll, yaw rotations) to control

for residual motion artifacts, and three polynomials to account for low-

frequency component, such as scanner drift (Perrachione and Ghosh,

2013). The only contrast of interest was task versus rest as an implicit

baseline.

All pre-processed functional and structural images were spatially

transformed into the AFNI standard Talairach–Tournoux brain. To

examine neural correlates of abnormal discrimination within and

between LD groups, we computed whole-brain voxelwise Pearson's

correlation coefficients to assess the relationships of abnormal discrim-

inationmeasureswith graymatter volume, functional activation during

symptomatic sentence production, and low-frequency fluctuations

during the resting state as described previously (Berman et al., 2013;

Simonyan and Ludlow, 2012; Simonyan et al., 2013a). For this, we

created a single volume for each of the VBM, resting-state fMRI, and

speech-production fMRI datasets by concatenating the respective

images (i.e., smoothed, modulated for the nonlinear components,

DARTEL warped, segmented gray matter images; beta coefficients of

functional activation during symptomatic sentence production, and

beta estimates reflecting low-frequency fluctuations during the resting

state) across all subjects for each imaging modality. Pearson's correla-

tion coefficients were computed between each voxel in the concatenat-

ed datasets and the column of abnormal TDT values. The resultant maps

were thresholded at an FWE-corrected p ≤ 0.05 (usingMonte-Carlo sim-

ulations in the AlphaSim program of AFNI). The follow up conjunction

analyses were performed to examine the extent of overlapping and

distinct alteration in brain structure and function in relation to abnor-

mal sensory discrimination in sporadic vs. familial and ADLD vs. ABLD

patients.

3. Results

TDT and SDT values did not show statistical differences between

younger (b50 years old) and older (N50 years old) participants or

betweenmales and females (all p ≥ 0.05, corrected formultiple compar-

isons) in either group. Similarly, there were no significant differences

between the patient groups in respect to their symptom severity or

disorder duration (all p ≥ 0.31, corrected for multiple comparisons).

3.1. Sensory testing in LD and controls

In 30 healthy controls, the visual TDT was 35.7 ± 10.7 ms (Z-

score = 0.0 ± 1.00) and the tactile SDT was 0.16 ± 0.13 g (Z-score =

0.0 ± 1.04) (Table 2). None of the control subjects had abnormal TDT,

but two healthy subjects (6.7%) had an abnormal SDT of 0.50 and 0.58

(Z-scores = 2.62 and 3.23, respectively) (Fig. 1, Table 2).

Among all 84 LD patients, visual TDTwas 48.4± 21.9ms (Z-score=

1.25 ± 2.17) and the tactile SDT was 0.19 ± 0.23 g (Z-score = 0.26 ±

1.76) (Fig. 1, Table 2). Two sporadic LD patients had higher scores for

discrimination (one ABLD: TDT Z-score = 11.8 and SDT Z-score = 8.8;

one ADLD: SDT Z-score = 8.7), which were, however, similar to the

range reported earlier across different forms of dystonia (Bradley

et al., 2012).

Compared to healthy controls, 26 LD patients (31%) had abnormal

TDT and 5 patients (6%) had abnormal SDT. As hypothesized, these

TDT and SDT abnormalities did not show significant relationships with

LD severity or duration in any patient group (all p ≥ 0.31). However,

at the neural level, abnormal TDTmeasures across all LD patients corre-

lated with gray matter volume of the left middle frontal gyrus

(r = −0.54) and primary somatosensory cortex (r = −0.61) as well

as with brain activation in the left parietal operculum/primary somato-

sensory cortex (r=−0.64) during symptomatic speech production (all

FWE-corrected p ≤ 0.05) (Fig. 2). No significant relationships were

found between abnormal TDT measures and resting-state brain activity

in LD patients. Due to low frequency of SDT abnormalities in only 5% of

LD patients and thus a low statistical power for further analysis, the

correlations between abnormal SDT and brain function and structure

were not performed.

3.2. TDT and SDT measures based on a putative genotype of LD

Abnormal visual TDT was found in 9/24 (37.5%) familial LD patients

and 17/60 (28.3%) sporadic LDpatients (Fig. 1A; Table 2). Abnormal tac-

tile SDT was found in 5/60 (8.3%) sporadic LD patients only (Fig. 1B;

Table 2). An initial a priori Kruskal-Wallis test comparing TDT and SDT

between familial, sporadic and control groups found a statistically sig-

nificant group difference in visual TDT (χ2 = 11.5, p = 0.009, 95%

CI = 0.58–1.31) but not tactile SDT (χ2 = 2.99, p = 0.39, 95%

CI = −0.09–0.50). The follow up Mann–Whitney U-tests determined

that TDT was significantly increased in both patient groups compared

to controls (familial LD vs. control: p = 0.02, 95% CI = 0.17–0.96; spo-

radic LD vs. control: p = 0.005; 95% CI = 0.45–1.28). A comparison of

the frequency rate of abnormal TDT responses in sporadic and familial

Table 2

Temporal and spatial discrimination thresholds in LD patients and controls.

Sensory testing modality Mean ± s.d. Mean Z-score Z-score range Group abnormal frequency

Controls TDT 35.7 ± 10.1 0.0 −1.8 to 1.9 0/30 (0%)

SDT 0.16 ± 0.13 0.0 −1.1 to 3.2 2/30 (6.7%)

Patients TDT 48.4 ± 21.9 1.25 −2.3 to 11.8 26/84 (31.0%)

SDT 0.19 ± 0.23 0.26 −1.1 to 8.8 5/84 (6.0%)

Patient subgroups

Sporadic LD TDT 48.6 ± 23.2 1.27 −2.3 to 11.8 17/60 (28.3%)

SDT 0.21 ± 0.26 0.36 −1.1 to 8.8 5/60 (8.3%)

Familial LD TDT 47.9 ± 19.0 1.21 −1.6 to 4.4 9/24 (37.5%)

SDT 0.16 ± 0.13 0.01 −1.1 to 1.9 0/24 (0%)

ADLD TDT 47.0 ± 18.1 1.11 −1.6 to 5.4 13/47 (27.7%)

SDT 0.18 ± 0.23 0.18 −1.1 to 8.8 4/47 (8.5%)

ABLD TDT 50.2 ± 26.1 1.44 −2.3 to 11.8 13/37 (35.1%)

SDT 0.21 ± 0.23 0.37 −1.1 to 8.8 1/37 (2.7%)

Mean ± s.d. values of TDT are in ms; mean ± s.d. values of SDT are in g; s.d. — standard deviation.
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LD showed a significant difference between the two groups (χ2 =

115.5, p ≤ 0.005, 95% CI = 0.82–1.72).

In both patient groups, abnormal TDT was negatively correlated

with brain activity in the left middle frontal and superior temporal

gyri (all peak r = −0.79) during symptomatic speech production

(Fig. 3C; Table 3). In addition, sporadic LDpatients showednegative cor-

relations in the right sensorimotor cortex and bilateral supplementary

motor area (SMA) (r ≥ −0.73) as well as positive correlations in the

left anterior cingulate cortex (ACC) and bilateral cerebellum (left lobule

VIIa and right lobule VI) (r ≥ 0.68). Familial LDpatients had an additional

positive correlation between abnormal TDT and symptomatic brain

activation in the right superior temporal gyrus (r = 0.98).

No common regions of correlation between sporadic and familial LD

patients were identified for abnormal TDT values with either resting-

state brain activity or graymatter volume (Fig. 3A, B). However, sporad-

ic LD patients showed positive correlations between abnormal TDT

measures and resting brain activity in the right precentral gyrus, puta-

men/pallidum and bilateral cerebellum (r ≥ 0.79) (Fig. 3B; Table 3). A

negative correlation of abnormal TDT with gray matter volume was

found in the left postcentral gyrus (r=−0.79), while positive correla-

tions were established in the left superior frontal gyrus, right middle

temporal gyrus, and putamen (r ≥ 0.59) (Fig. 3A; Table 3).

On the other hand, abnormal TDT in familial LD patients had a posi-

tive relationship with resting brain activity in the left middle cingulate

cortex (r=0.96) and negative relationships in the bilateral cerebellum

(lobule VII) (r ≥ −0.92) (Fig. 3B; Table 3). Structurally, familial LD

patients showed negative relationships between abnormal TDT scores

and gray matter volume in the left precentral gyrus and bilateral

cerebellum (r ≥ −0.88) (Fig. 3A; Table 3).

3.3. TDT and SDT measures based on LD clinical phenotype

Abnormal TDT was found in 13/37 (35.1%) ABLD and 13/47 (27.7%)

ADLD patients (Fig. 1C; Table 1), while SDT abnormalities were ob-

served in 1/37 (2.7%) ABLD and 4/47 (8.5%) ADLD patients. An initial

Kruskal–Wallis test of TDT and SDT Z-scores in ADLD, ABLD and control

groups found a significant group effect in visual TDT (χ2 = 9.4, p =

0.009, 95% CI = 0.58–1.29) but not tactile SDT (χ2 = 0.40, p = 0.82,

Fig. 1. (A, C) Visual temporal discrimination threshold (TDT) Z-scores and (B, D) tactile spatial discrimination threshold (SDT) Z-scores in healthy controls and patients with LD. Z-scores

equal or greater than 2.0 were considered abnormal (indicated by a horizontal dotted line). The number of subjects with abnormal TDT Z-scores/the total number of subjects per each

group is demonstrated at the top of each distribution plot. For the range of values, see Table 2.
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95% CI = −0.07–0.49). The follow up post hoc Mann–Whitney U-tests

showed significantly increased TDT in both patient groups compared to

controls (ADLD vs. control: p = 0.012, 95% CI = 0.32–1.04; ABLD vs.

control: p=0.004, 95% CI= 0.29–1.35). A comparison of the frequency

rate of abnormal TDT responses in ADLD and ABLD patients showed a

trend for significance between the two groups (χ2 = 39.7, p = 0.09,

95% CI = 0.4–1.55).

Common to both groups, abnormal TDT was correlated with brain

activation during symptom production in the left primary sensorimotor

cortex (r ≥±0.68) andwith resting brain activation in the left ACC (r=

0.64) (Fig. 3F, H; Table 4). In addition, ADLD patients showed negative

correlations between abnormal TDT scores and symptom-related

brain activation in the leftmiddle/inferior frontal gyrus, posterior cingu-

late cortex and bilateral SMA (r ≥−0.70), while the left superior frontal

gyrus and precuneus were positively correlated during the resting state

(r ≥ 0.70) (Fig. 3G, I; Table 4). The ABLD group established positive rela-

tionships between abnormal TDT and symptomatic brain activation

in the bilateral SMA, right insula/parietal operculum and cerebellum

(lobule VI) (r ≥ 0.75), whereas the middle frontal gyrus was correlated

with abnormal TDT during both resting state and speech production

(Fig. 3G, I; Table 4).

As in the case with sporadic and familial LD, the ADLD and ABLD

patients did not show any common significant relationships between

abnormal TDT measures and gray matter volume (Fig. 3E; Table 4).

However, ADLD group-specific positive correlations were found in

the left middle/posterior cingulate cortex and right parietal operculum

(r ≥ 0.85), whereas ABLD group had negative correlations in the bilateral

insula/parietal operculum, left inferior frontal gyrus and inferior parietal

lobule as well as the right putamen/pallidum (r ≥ −0.79).

4. Discussion

Our findings outline the relationships between abnormal sensory

discrimination and phenotype/genotype interactions in isolated focal

dystonia and elucidate the neural substrates underlying a possible

endophenotype of this disorder. Specifically, our study demonstrates

that patients with all forms of LD, including sporadic and familial LD

as well as ADLD and ABLD, exhibit a range of abnormalities in temporal

but not spatial discrimination, which is suggestive of greater sensitivity

of the TDT measure in this disorder. Compared to sporadic LD patients,

TDT abnormalities in familial LD had both greater frequency (i.e., 37.5%

familial vs. 28.3% sporadic) and higher penetrance (i.e., 37.5% pene-

trance of abnormal TDT in familial LD vs. 12% penetrance of the familial

phenotype (Kirke et al., 2015)). Conversely, abnormal TDT frequency

rates did not differ significantly in clinically distinct ADLD and ABLD

phenotypes. In line with this finding and as hypothesized, we did not

observe any significant correlations between symptom duration or se-

verity and TDT abnormalities, which points to abnormal TDT as an LD

endophenotypewith a closer,more upstream relationship to the under-

lying (albeit yet unknown) gene(s) than to the clinical phenotype. Fur-

ther substantiating these findings, the presence of TDT abnormalities

highlighted a separate group of LD patients, who exhibited structural

and functional brain alterations in themiddle frontal and somatosenso-

ry cortices. These findings are consistent with the previous report of

TDT-associated brain activity in unaffected relatives of dystonia patients

(Kimmich et al., 2014), hinting at a possibly causative nature of sensory

alterations in dystonia pathophysiology. Importantly, fine-grained dis-

tinctions emerged in the comparisons between sporadic and familial

LD and between ADLD and ABLD patients, which shed light on diver-

gent, multifactorial pathophysiological pathways underlying distinct

genotype and phenotype relationships in this disorder.

4.1. Neural correlates of abnormal TDT based on putative genotype of LD

Identification of both common and distinct neural correlates of TDT

processing unifies different forms of LD and, at the same time, re-

flects the presence of possible differences in LD genotype/phenotype

relations. During symptom production, both sporadic and familial LD

patients established common negative correlations between abnor-

mal TDT and brain activity in the left middle frontal and superior

temporal gyri, indicating that an increase in discrimination threshold

led to a decrease in activation in these brain regions. These findings sug-

gest an importance of the executive frontal cortical network in LD path-

ophysiology, possibly through the aberrant basal ganglia-thalamo-

Fig. 2. Associations of abnormal TDT values with gray matter volume (A, B) and functional brain activation during speech production (C) across all LD patients. Z-scores equal or greater

than 2.0 were considered abnormal. The color bar indicates the r values.
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cortical influences contributing to altered speech motor planning and

execution (Alvarez and Emory, 2006; Bourguignon, 2014).

With regard to distinct features of TDT neural representation, familial

LD patients extended their relationships between abnormal TDT and

resting-state brain function to the middle cingulate cortex and cerebel-

lum (lobules VIIa–VIIb), whereas sporadic LD patients showed additional

correlations between abnormal TDT and brain function in the primary

sensorimotor cortex, SMA, ACC, putamen/pallidum and cerebellum (lob-

ules VI andVIIa). Differences in structural correlations between abnormal

TDT and graymatter volumewere found predominantly in the basal gan-

glia in sporadic LD and the cerebellum in familial LD. Such a disparity of

neural representations of abnormal TDT processing across different

forms of LD suggests greater involvement of the sensorimotor network

during symptom generation in sporadic than familial LD. Within this cir-

cuitry, involvement of the putamen and pallidum in the sporadic group

resonatedwellwith previous studies reporting striatal volumetric chang-

es as a contributing factor to the pathophysiology of focal dystonia (Black

et al., 1998; Draganski et al., 2003; Etgen et al., 2006; Granert et al., 2011;

Simonyan and Ludlow, 2012). Our findings further extend this knowl-

edge by showing correlations between basal ganglia abnormalities and

a potential mediational endophenotype of LD. Based on identified rela-

tionships of abnormal TDT with putamen/pallidal structure and resting-

state activation in sporadic LD, we suggest that this region may also be

involved in aberrant processing and integration of temporal aspects of

sensory information with motor behavior in dystonia.

On the other hand, the microstructural changes (represented by

gray matter volumetric abnormalities on VBM) in the cerebellum in

the familial group not only signified its recently proposed role in dysto-

nia pathophysiology (Prudente et al., 2014), but also suggested that this

structure may be particularly critical in hereditary dystonias. Indeed,

cerebellar influences on motor control were reported in a number of

electrophysiological and imaging studies amongvarious formsof hered-

itary dystonias, including DYT1 (Carbon and Eidelberg, 2009; Sadnicka

et al., 2015) and DYT6 (Carbon et al., 2008), whereas the cerebello-

thalamo-cortical projections have been shown to facilitate intracortical

inhibition (Molinari et al., 2002) and to be associated with cortical plas-

tic changes (Doyon et al., 1998). In a mousemodel of dystonia, aberrant

cerebellar relay to the basal ganglia was recently deemed to contribute

to dystonia via the short latency cortico-striatal pathway (Chen et al.,

2014; Ulug et al., 2011). In addition, the cerebellum establishes projec-

tions with several cortical regions, including prefrontal cortex, SMA and

posterior parietal cortex (Akkal et al., 2007; Clower et al., 2001; Coffman

et al., 2011), thus possibly exerting its direct or indirect influences on

abnormal functional relationships between TDT and brain activity in

the prefrontal cortex. Our findings suggest that cerebellar microstruc-

tural changes and outflow dysfunction in patients with hereditary dys-

tonia may result, in part, from upstream altered sensory processing

rather than represent a coexisting trait.

4.2. Neural correlates of abnormal TDT based on LD clinical phenotypes

BothADLDandABLD groups showed common correlations of abnor-

mal TDT with symptomatic brain activation in the left primary sensori-

motor cortex and with resting-state activation in the left ACC. The

Fig. 3. Significant correlations of abnormal TDT with brain function and structure in LD patients. Top panel: In patients with sporadic and familial LD, abnormal TDT showed significant

relationships with gray matter volume (A), resting-state brain activity (B), and brain activity during symptomatic speech production (C, D). Panel (C) shows regions of spatial overlap

of these correlations between the two patient groups; Panel (D) shows additional regions of distinct correlations in each group. Bottom panel: In patients with ADLD and ABLD, abnormal

TDT showed significant relationships with gray matter volume (E), resting-state brain activity (F, G), and brain activity during symptomatic speech production (H, I). Panels (F, H) show

regions of spatial overlap of the corresponding correlations between the two patient groups. Panels (G, I) show additional regions of corresponding distinct correlations in each group. The

color bars represent distinct correlations in sporadic (S), familial (F), ADLD (AD) andABLD (AB) patients aswell as common correlations between sporadic and familial patients (S×D) and

between ADLD and ABLD patients (AD × AB). For the direction of correlations (positive and negative), see Tables 3 and 4.
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finding of sensorimotor involvement is consistentwith previous reports

of functional and microstructural alterations in this region (Ali et al.,

2006; Haslinger et al., 2005; Simonyan and Ludlow, 2010, 2012;

Simonyan et al., 2013a) and may underline the aberrant function

of this region in processing and execution of motor task production.

The contribution of the ACC in LD is less clear but may be important

for controlling action–inhibition and perception as part of the executive

resting-state network (Smith et al., 2009) via direct connections with

the laryngeal/orofacial motor cortex (Simonyan and Jurgens, 2002,

2005).

Both ADLD and ABLD groups showed regions of distinct correlations

with abnormal TDT similar to those in sporadic and familial LD patients.

In addition, ADLD and ABLD groups established significant structural

relationships with the insula and parietal operculum.While the parietal

operculum is likely to be one of the structures on the afferent (sensory)

pathway of LD, the insular cortex, along with the middle frontal cortex

and ACC, may be responsible for the refinement of executive functions

on the efferent pathway, upstream to the motor cortex, contributing

to LD symptomatology.

5. Conclusions

Our study demonstrated that temporal discrimination is abnormal

across different clinical phenotypes and putative genotypes of LD. We

further showed that these abnormalities are related to alterations in

brain function and structure, with both common and distinct patterns

of abnormalities between sporadic and familial cases aswell as between

ADLD and ABLD clinical phenotypes. As a direction for future research, it

is conceivable that these genetic influences are greater in familial LD

patients, which may prime them to develop dystonia following a (yet

unknown) trigger, whereas the dystonic cascade in sporadic patients

may be provoked by motor entrainment coupled with abnormal senso-

ry feedback. On the other hand, largely similar frequency rates of senso-

ry discrimination abnormalities between ADLD and ABLD patients

might suggest a role for additional influences (e.g., environmental

(Schweinfurth et al., 2002; Tanner et al., 2011)) that may further divert

these patients into different clinical phenotypes.
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Table 3

Correlations of abnormal TDT with neuroimaging measures in sporadic and familial LD.

Anatomical region Cluster peak

coordinates

x, y, z

Cluster

peak level

r-value

Cluster

size

(voxels)

Abnormal TDT and brain activation during symptom production

Common to familial and sporadic LD

L middle frontal gyrus

Familial LD −33, 15, 38 −0.92 204

Sporadic LD −37, 19, 30 −0.69 268

Overlap in both groups −30, 20, 31 −0.79 12

L superior temporal gyrus

Familial LD −51, −25, 0 −0.93 283

Sporadic LD −42, −36, 8 −0.72 225

Common to both groups −40, −35, 4 −0.79 12

Specific to sporadic LD

R precentral gyrus 27, −31, 44 −0.85 399

R postcentral gyrus 57, −17, 28 −0.76 155

L/R supplementary motor area 1, −23, 64 −0.73 207

L anterior cingulate cortex −1, 25, 30 0.70 163

L cerebellum (lobule VIIa) −23, −77,−36 0.77 125

R cerebellum (lobule VI) 11, −70, −15 0.68 172

Specific to familial LD

R superior temporal gyrus 57, −21, 12 0.98 112

Abnormal TDT and brain activation during the resting state

Specific to sporadic LD

R precentral gyrus 37, −7, 36 0.79 992*

R putamen/pallidum 23, −12, 6 0.81 992*

L/R cerebellum (lobule VI) −8, −62, −13 0.84 445

Specific to familial LD

L middle cingulate cortex −2, −6, 35 0.96 178

L cerebellum (lobule VIIb) −38, −54,−49 −0.98 545

R cerebellum (lobule VIIa) 50, −58, −39 −0.92 110

Abnormal TDT and gray matter volume

Specific to sporadic LD

L postcentral gyrus −50, −18, 22 −0.79 471

L superior frontal gyrus −21, 27, 36 0.74 276

R middle temporal gyrus 64, −27, −5 0.74 369

R putamen/pallidum 26, −14, 12 0.59 232

Specific to familial LD

L precentral gyrus −50, −11, 40 −0.88 4111

L/R cerebellum (lobule VI) −6, −61, −12 −0.97 4925

All r values are at an FWE-corrected p ≤ 0.05. The correlation peak coordinates are given in

the AFNI standard Talairach−Tournoux space. L— left; R— right. The asterisk (*) denotes

the clusters that span over two or more brain regions.

Table 4

Correlations of abnormal TDT with neuroimaging measures in ADLD and ABLD.

Anatomical region Cluster peak

coordinates

x, y, z

Cluster peak

level r-value

Cluster size

(voxels)

Abnormal TDT and brain activation during symptom production

Common to ADLD and ABLD

L sensorimotor cortex

ADLD −37, −21, 54 −0.90 1211⁎

ABLD −37, −25, 42 0.89 240

Overlap in both groups −31, −21, 48 ±0.68# 14

Specific to ADLD

L middle frontal gyrus −23, 8, 46 −0.75 1211⁎

L inferior frontal gyrus −32, 6, 29 −0.70 1211⁎

L/R supplementary motor area −5, −33, 56 −0.87 1511

L posterior cingulate cortex −7, −49, 26 −0.84 1011

Specific to ABLD

L/R supplementary motor area 1, 21, 40 0.86 287

R insula/parietal operculum 37, −12, 17 0.75 321

R middle frontal gyrus 31, 19, 32 0.85 350

R cerebellum (lobule VI) 15, −67, −14 0.92 383

Abnormal TDT and brain activation during the resting state

Common to ADLD and ABLD

L anterior cingulate cortex

ADLD −8, 24, 27 0.74 494⁎

ABLD −10, 4, 31 0.84 258

Overlap in both groups −1, 20, 26 0.64 2

Specific to ADLD

L superior frontal gyrus −24, 32, 32 0.70 494⁎

L precuneus −14, −72, 39 0.97 711

Specific to ABLD

L middle frontal gyrus 24, 17, 44 0.77 248

Abnormal TDT and gray matter volume

Specific to ADLD

L middle/posterior cingulate cortex −10, −28, 33 0.94 1057

R parietal operculum 39, −28, 25 0.85 1784

Specific to ABLD

R insula/parietal operculum 38, −7, 13 −0.89 10,942*

L insula/parietal operculum −39, −11, 17 −0.82 10,942*

L inferior frontal gyrus −44, 0, 21 −0.79 10,942*

L inferior parietal lobule −54, −39, 25 −0.80 1710

R putamen/pallidum 18, 3, −1 −0.79 2806

All r values are at an FWE-corrected p ≤ 0.05. The correlation peak coordinates are given in

the AFNI standard Talairach–Tournoux space. L — left; R — right. The asterisk (*) denotes

the clusters that span over two or more brain regions; the hash (#) denotes a positive

correlation in one group and a negative correlation in the other group.
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