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Abstract

Acoustic studies have revealed that patients with Essential Tremor treated with thalamic
Deep Brain Stimulation (DBS) may suffer from speech deterioration in terms of imprecise
oral articulation and reduced voicing control. Based on the acoustic signal one cannot infer,
however, whether this deterioration is due to a general slowing down of the speech motor
system (e.g., a target undershoot of a desired articulatory goal resulting from being too
slow) or disturbed coordination (e.g., a target undershoot caused by problems with the rela-
tive phasing of articulatory movements). To elucidate this issue further, we here investigated
both acoustics and articulatory patterns of the labial and lingual system using Electromag-
netic Articulography (EMA) in twelve Essential Tremor patients treated with thalamic DBS
and twelve age- and sex-matched controls. By comparing patients with activated (DBS-ON)
and inactivated stimulation (DBS-OFF) with control speakers, we show that critical changes
in speech dynamics occur on two levels: With inactivated stimulation (DBS-OFF), patients
showed coordination problems of the labial and lingual system in terms of articulatory impre-
cision and slowness. These effects of articulatory discoordination worsened under activated
stimulation, accompanied by an additional overall slowing down of the speech motor sys-
tem. This leads to a poor performance of syllables on the acoustic surface, reflecting an
aggravation either of pre-existing cerebellar deficits and/or the affection of the upper motor
fibers of the internal capsule.

Introduction

We here investigated articulatory parameters of speech motor control, specifically of the labial
and lingual systems in Essential Tremor (ET) patients treated with Deep Brain Stimulation
(DBS) of the nucleus ventralis intermedius (VIM-DBS) of the thalamus. ET is the most
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common adult movement disorder with an estimated prevalence of about 0.9% [1]. Clinically,
ET presents with bilateral, postural, or kinetic tremor of hands and forearms, sometimes also
of legs, trunk, head, and voice [2]. This may cause significant disability, interfere with activities
of daily living, and reduce quality of life. For medication refractory cases, DBS of the ventral
intermediate nucleus offers an established, effective and safe treatment option [3].

Clinical studies demonstrated that dysarthria is one of the most common side-effects of
VIM-DBS in ET [4-6]. Therefore, despite tremor improvement, VIM-DBS can have deleteri-
ous effects on speech leading to reduced voicing and imprecise oral articulation during the
production of consonants and vowels. So far, parameters in the acoustic dimension related to
the overall speaking rate and the syllable internal coordination have been used to quantify
stimulation induced dysarthria in ET. For overall speaking rates, [7] found that ET patients
with additional cerebellar signs (such as functionally incapacitating intention tremor or atactic
gait) exhibited increased syllable duration compared to ET patients without cerebellar signs
and that thalamic DBS had no effect on the speaking rate.

However, the picture changes when looking at articulatory patterns on the subsyllabic level.
Acoustic studies with patients suffering from ET [8] or multiple sclerosis [9] showed that dur-
ing fast syllable repetition tasks, where subjects repeat sequences such as /pa/, /ta/, or /ka/,
VIM-DBS leads to a deterioration of glottal and oral control, measured as a decrease in voice-
less intervals and an increase in spirantization of stop consonants on the acoustic surface,
respectively. For patients suffering from Parkinson’s disease (PD), imprecise oral articulation
under DBS treatment is also reported. More specifically, the stimulation of the subthalamic
nucleus (STN-DBS) [10-14] and the caudal zona incerta (cZi-DBS) [13,14] lead to an increase
of spirantization, but variation within the groups were rather high for STN-DBS compared
to c¢Zi-DBS [13,14]. High speaker-specific variation for STN-DBS in PD-patients was also
reported by [10]. In an articulatory study using electropalatography (EPG), they recorded two
PD patients by using individual artificial palates with incorporated touch-sensitive electrodes
to capture contacts of the tongue with the palate during speech, but the expected target under-
shoot in the EPG contact profiles was only found for one of the two PD patients. However,
EPG studies do not provide information about the activation interval of a movement including
duration, velocity profiles and displacements since they are restricted to full tongue-palate con-
tacts during consonantal targets.

Based on previous studies, we can assume that DBS in the VIM can lead to a decrease in
articulatory precision during the production of stop consonants in ET patients. However, it is
not possible to determine whether the articulatory target undershoot (signaled by the leaking
stop closures) is due to a general slowing down of the speech motor system in terms of deceler-
ated velocity profiles of the primary constrictors lips and tongue or disturbed articulation (e.g.,
a target undershoot caused by problems with relative phasing of articulatory movements). To
shed light on the question how the underlying articulatory movement patterns are coordinated
in ET patients with activated and inactivated stimulation, we directly observe the lip and ton-
gue movements measured in the articulatory dimension. Therefore, we combine acoustic and
articulatory measures to predict the nature of the articulatory deficits leading to a deterioration
in speech on the acoustic outcome. We use Electromagnetic Articulography (EMA). To our
knowledge EMA and DBS in general were not used in combination so far. Based on previous
reports on stimulation induced dysarthria in ET, we had the following hypotheses for the com-
parison between controls and ET patients in DBS-OFF condition and for the comparison
between ET patients in DBS-OFF and in DBS-ON condition:

1. In the acoustic waveform, we expected to find longer syllable durations, higher amounts of
frication, and less voiceless intervals (control < DBS-OFF < DBS-ON).
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2. In the articulographic data, we expected to find an increase of articulatory miscoordination
in terms of articulatory undershoot of desired motor goals resulting in frication, accompa-
nied by an overall slowing-down of labial and lingual speech gestures
(control < DBS-OFF < DBS-ON).

Method

Participants

We recorded 12 ET patients (8 males, 4 females) with activated stimulation (DBS-ON) and
inactivated stimulation (DBS-OFF) aged between 31 and 73 years (mean 62 years old, SD = 12)
and 12 age- and gender-matched healthy control speakers (mean 61 years old, SD = 12). All
speakers were right-handed and native speakers of Standard German.

ET patients had VIM-DBS surgery at least 4 months prior to participation in the study (see
Table 1). The occurrence of postoperative stimulation-induced dysarthria was a criterion for
inclusion (according to clinical observations), and voice tremor was not an exclusion criterion
(one patient suffered from voice tremor under deactivated stimulation which dissolved by
switching on DBS). The order of stimulation (DBS-ON and DBS-OFF) states was randomized
to avoid bias of practice effects or fatigue. Before each testing, the stimulation settings were
maintained for at least 20 minutes. The patients’ regular stimulation parameters were used
during the DBS-ON condition (S1 Appendix). Tremor severity during DBS-ON and DBS-OFF
was assessed using the Fahn-Tolosa-Marin Tremor Rating Scale, part A and B (TRS; [15]). The
TRS is the standard scale to quantify Tremor in ET. It is divided into three parts (A, B and C).
Part A describes tremor severity at rest, with posture holding and action/intention maneuvers
for nine parts of the body. Part B describes tremor severity at writing, drawing, and pouring
water. Part C assesses functional disability. Additionally, patients and controls had to rate their
subjective “ability to speak” on a Visual Analogue Scale (VAS, ranging from 0 cm-‘normal’-to
10 cm—-‘worst’ in Imm increments). Clinical voice impairment was measured with the Voice
Handicap Index (VHI; [16]). The VHI is a questionnaire measuring overall voice impairment
in everyday life [17] and therefore not suitable for DBS-ON and DBS-OFF comparisons.

Table 1. Characteristics of 12 ET patients and 12 control speakers.

Patients | Controls
No. Sex Age Years of disease duration Months of : Sex Age
VIM-DBS ;
1 m 66 2 25 i m 63
2 m 70 29 5 i m 69
3 m 31 9 105 i m 30
4 m 73 34 56 i m 73
5 f 53 3 47 i f 52
6 f 59 4 33 i f 58
7 m 54 7 67 i m 54
8 f 60 14 93 i f 56
9 f 61 39 4 E f 68
10 m 67 24 66 | m 63
11 m 72 9 7 i m 70
12 m 73 7 81 i m 75
MEAN 61.58 16.75 49.08 60.92
(£SD) (£11.93) (£12.40) (£34.8) ' (£12.31)

https://doi.org/10.1371/journal.pone.0191359.t001
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Accordingly, the VHI was completed once by the patients at the day of testing. The patients
were asked to rate their speech condition in the timespan of the last four weeks. Despite not
being intended to detect articulatory changes, we present the VHI data on a descriptive level to
give an overall idea about the speech impairment in our patients.

Implantation/electrode localization

DBS implantations were conducted as described in [18]. Surgical planning targeted the ventral
border of the VIM, but depending on intraoperative test stimulation, electrodes were some-
times implanted slightly more ventral with one contact in the Zona incerta [18]. Electrode
locations were confirmed via either intraoperative stereotactic X-ray after fixation or postoper-
ative cranial CT scans, which were coregistered to preoperative MRI imaging. Electrode loca-
tions were then standardized into stereotactic brain space [18]. Stereotactic coordinates of the
active electrode contacts are listed in S1 Appendix, and a visualization of the active contacts
with surrounding atlas anatomy [19] can be seen in Fig 1. The mean location of the most ven-
tral contacts was 10.7 mm lateral, 6.3 mm posterior and 1.3 mm ventral to the mid-commis-
sural point while the mean location of active electrodes was 11.6 mm lateral, 4.2 mm posterior
and 0.6 mm dorsal to the mid-commissural point.

Recordings

The articulatory data were recorded with a 3-dimensional articulograph (Carstens Medizine-
lektronik; AG501) at the IfL-Phonetics lab at the University of Cologne (see Fig 2). To track

Fig 1. Projection of all active contacts (blue) onto a neuroanatomical atlas [19]. Green: VIM, red: red nucleus. Note that most active
contacts lay inside the VIM proper or at its ventral border while two contacts lay slightly more ventral in the zona incerta.

https://doi.org/10.1371/journal.pone.0191359.9001
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Fig 2. Articulograph (left) and location of sensors in the sagittal plane (right). The person on the left side on the picture (by Fabian Stiirtz) is neither a

patient nor a subject of the study.

https://doi.org/10.1371/journal.pone.0191359.9002

the movements of the articulators, we placed sensors on the upper and lower lip, tongue tip,
tongue blade, and tongue dorsum. The sensors remained at the articulators for both measure-
ments (DBS-ON and DBS-OFF) to guarantee comparability of the data. The acoustic data
(time-synchronized) were recorded using a condenser microphone (AKG C420 headset) sam-
pled at 48kHz, 16bit.

In order to push the speech motor system to its limits, we used fast syllable repetition tasks
(diadochokinesis, DDK) featuring CV syllables involving different places of articulation
(POA): one labial set (i.e., /pa/ (lips) and two lingual sets (i.e., /ta/ (alveolar, tongue tip) and
/ka/ (velar, tongue dorsum)). Patients were instructed to produce the syllables as fast as possi-
ble on one single breath. For the DDK analysis, we used 10 syllable cycles from each /pa/, /ta/,
/ka/ production. As in [8], we discarded the first three syllable cycles to avoid effects of pro-
sodic boundaries [20]. In total, 2160 tokens went into the statistical analysis, 10 syllable cycles
x 2 repetitions x 3 POA x 3 groups (12 healthy age- and gender-matched control speakers and
12 ET patients in DBS-OFF and DBS-ON condition).

Labelling procedure/ variables

All acoustic data were displayed and labelled by hand in Praat [21]. Annotations were carried
out by using the speech waveform and a wide-band spectrogram.

The labelling procedure included the visually inspection of the acoustic waveform and the
spectrogram. We used the following annotation criteria: The duration of the vowel portion for
the measure “voicing-to-syllable ratio” was defined from a substantial increase to a drop in of
the second formant in the spectrogram. The voiced portions during the consonantal closure
for the measures “voicing-to syllable ratio” and “voicing-during-closure” were identified as fre-
quency periodic structure above 500 Hz characterized by vertical and/or horizontal striations
along the spectrogram, where voicing continuous into the constriction phase as a result of
ongoing vocal-fold vibrations. For the “frication-during-closure” measure, turbulent noise
during the consonantal closure was identified in terms of non-transient, aperiodic energy at a
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high frequency range in the spectrogram (leaking closures lead to the aerodynamic conse-
quence of turbulence in the partially blocked airflow). Note that in contrast to [14], the mea-
sures frication-during-closure and voicing-during-closure are binary categorizations and not
temporal measures. We computed the following variables in line with the label criteria
reported in [8].

(1) Syllable duration (ms): Duration of the entire syllable cycle from the onset of the conso-
nantal constriction to the offset of the following vowel (i.e. substantial decrease of the
amplitudes of the second vowel formant).

(2) Voicing-to-syllable ratio: Duration of voiced portions relative to the duration of the entire
syllable cycle, including vowel duration and potentially voiced portions of the consonant.

(3) Voicing-during-closure: Binary categorization of constriction exhibiting voicing or not. If
voicing energy lasted longer than 20 ms during the closure (and therefore cannot be attrib-
uted to coarticulation of the preceding vowel), we counted the token as having voicing-dur-
ing-closure (adapted from [22]).

(4) Frication-during-closure: Binary categorization of constriction exhibiting frication or not.
If there was aperiodic energy/turbulent noise during consonant production, we counted
the token as having frication-during-closure (adapted from [22]). No threshold is used
here, since frication is caused by imprecise articulation in the oral tract and cannot be
attributed to coarticulation.

In the articulatory domain, we identified gestural landmarks for the consonantal gestures.
All kinematic data were labelled within the EMU speech database system [23].

Kinematic annotation for the consonantal gestures /p, t, k/ was performed with respect to
the articulators involved (lower lip vertical position for /p/, tongue tip vertical position for /t/,
tongue dorsum vertical position for /k/). We labelled the onset (start), peak velocity, and maxi-
mum target of the consonantal gestures using zero-crossings in the respective velocity and
acceleration traces. Fig 3 displays (a) averaged trajectories for 10 syllable cycles of /pa/ for an
ET patient with DBS-ON (black lines) and DBS-OFF (red lines) and (b) a schematized, simpli-
fied gesture illustrating the relevant landmarks (e.g., onset, peak velocity, target).

This labelling procedure allowed us to compute the following variables employed in a mass-
spring model [24]:

(5) Duration of acceleration phase (ms): Time interval from the onset to the peak velocity of
the consonantal gesture.

(6) Duration of deceleration phase (ms): Time interval from peak velocity to the target of the
consonantal gesture.

(a) Fast syllable repetition task of /pa/ for ET patient in DBS-ON and DBS-OFF (b) Schematised articulatory gesture and labels
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Fig 3. (a) Lower lip trajectory for fast syllable repetition task /pa/ for ET patient (black = DBS-ON; red = DBS-OFF;) and (b) schematized articulatory gesture with
relevant landmarks.

https://doi.org/10.1371/journal.pone.0191359.g003
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(7) Displacement (mm): Amplitude (vertical) ranging from the onset to the target of the con-
sonantal gesture.

(8) Peak velocity (mm/s): Maximum velocity of the gestural movement identified at a/the
zero-crossing in the acceleration trace.

(9) Stiffness (pvel/displacement): Temporal-spatial parameter that relates the peak velocity (8)
to the maximum displacement (7).

Variations in an articulatory movement have direct consequences on abstract parameter
settings underlying the observable kinematic pattern and therefore on the acoustic outcome
[24-28]. These consequences involve the following possible parameter modifications: (a) tar-
get, (b) stiffness, (c) rescaling, and (d) phasing (presented in Table 2 and Fig 4). Note, that dif-
ferent parameter modifications can lead to the same effects in the acoustic domain, i.e., there
are multiple solutions for achieving—and for not achieving-a desired motor goal [29].

Statistical analysis

For all measures, all data were analyzed using R [37] and the package Ime4 [38]. To analyze the
continuous dependent variables, mixed linear regression models were fitted to scaled log-
transformed (1) syllable duration data and (2) voicing-to-syllable ratio data, (5) log-trans-
formed acceleration phase, (6) log-transformed deceleration phase, (7) log-transformed dis-
placement, (8) log-transformed peak velocity, and (9) stiffness.

To analyze categorical data, mixed logit models with a binomial error function [39] were fit-
ted to the binomial data of (3) voicing-during-closure and (4) closure frication-during-closure.
The critical predictors were DBS (Control vs. DBS-OFF or DBS-OFF vs. DBS-ON) and POA
(/pa, ta, ka/). Moreover, we included the control predictor syllable position within cycles (1-
10, centered). Contrasts were deviation coded.

The random effects component included random intercepts for speakers. We refrained
from using random slope structures due to convergence difficulties of the optimization

Table 2. Modification of articulatory control parameters and related phonetic output.

Parameter |Parameter description and phonetic output

(a) Target | A change in the underlying target involves changes in the peak velocity in proportion to the target
value (target undershoot), while the duration of the movement remains unchanged [30].
Articulatory output: A reduction in target in fast speech involves smaller and slower, but not shorter
movements (target undershoot).
Acoustic output: Reduction in quality, e.g. spirantization or centralisation.

(b) Stiffness | Stiffness is an abstract control parameter related to the relative speed of the movement. It is calculated
as the ratio of peak velocity to the maximum displacement, a temporal-spatial measure [27,31-33]
Articulatory output: Increasing a gesture’s underlying stiffness in fast speech leads to faster and shorter
movements, i.e., the target is achieved in a shorter time.
Acoustic output: Shorter durations

(c) Rescaling involves a proportional change in target and stiffness modifications. It affects the

Rescaling acceleration and deceleration phases [34]
Articulatory output: Movements are shorter and smaller in fast speech, while the peak velocity remains
the same.

Acoustic output: Shorter duration and reduction in quality, e.g., spirantization or centralisation

(d) Phasing | Phasing affects the overlap between two gestures, e.g., the timing between a closure and a release.
When the release gesture is timed earlier with respect to the closure, the overlap between the gestures
increases and the closure will be truncated [27,35,36].
Articulatory output: In fast speech, the closing gesture becomes shorter (truncation, especially of the
deceleration phase) and the target is reduced (undershoot), while the peak velocity remains the same.
Acoustic output: Shorter duration and reduction in quality, e.g., spirantization or centralisation

https://doi.org/10.1371/journal.pone.0191359.t1002
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Fig 4. Schematised modification of articulatory control parameters.

https://doi.org/10.1371/journal.pone.0191359.9004

process. The speaker-specific patterns with regard to the investigated parameters are summa-
rized in the S1 Appendix for inspection.

In our model selection process, we tested whether including an interaction between DBS
and POA significantly improved the model predictions. If there was a significant interaction,
we concluded that there is a joint effect of DBS and POA. We validated the models by compar-
ing the test model (with the/a critical predictor/interaction) to a reduced model (without the/a
critical predictor/interaction) via likelihood-ratio tests. P-values are based on these compari-
sons. Since we tested multiple measurements for both the acoustic and articulatory parameters
against the null hypothesis, we corrected for multiple testing using the Dunn-Sidak correction
for both the acoustic and articulatory parameters separately. We measured four acoustic
parameters lowering the analysis wide alpha level to 0.0127 and we measured five articulatory
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parameters lowering the analysis wide alpha level to 0.0102. In line with standards of reproduc-
ible research [40], the data tables and the scripts for the statistical analyses are made available
and can be retrieved here: https://github.com/troettge/Muecke-et-al-Thalamic-Deep-Brain-
Stimulation-changes-speech-dynamics.

Results
Characterization of patients’ tremor suppression and speech impairment

Patients’ TRS A + B scores improved while DBS was ON compared to the OFF-state (mean
score of 30.75 (SD = 17.7) during DBS-OFF versus 8.42 (SD = 9.93) during DBS-ON), Fig 4A.
For the VHI, there was a relevant speech impairment in the patient group (mean = 40.92,

SD =19.56, according to VHI norm ranges in line with moderate speech impairment) com-
pared to the control group (mean = 2, SD = 1.85; indicating no handicap), Fig 5B. In line with
this, the VAS scores for the control speakers were low (mean = 1.03, SD = 1.78), increasing for
patients with inactivated DBS (DBS-OFF: mean = 3.6, SD = 3.03) with further worsening after
DBS activation (DBS-ON: mean = 5.79, SD = 2.83), Fig 5C.

Acoustic results

Table 3 presents the results for the acoustic measures analyzed, (1) syllable duration, (2) voic-
ing-to-syllable ratio, (3) frication-during-closure, and (4) voicing-during-closure across sub-
jects with means and standard deviations in parentheses, given separately for place of
articulation (POA: /pa, ta, ka/) and DBS (control, OFF, ON).

Fig 6 graphically displays the corresponding barplots (controls: white bars; DBS-OFF: grey
bars; DBS-ON: black bars). Results are discussed below comparing controls vs. DBS-OFF and
DBS-OFF vs. DBS-ON for the different places of articulation (/pa, ta, ka/) in the DDK task.

In all acoustic measures, standard deviations were also considerably higher when compar-
ing controls with ET patients in DBS-OFF condition and when comparing ET patients in
DBS-OFF with DBS-ON condition (Table 3).

Statistical analyses revealed the following main results:
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Fig 5. (a) TRS (A+B) scores for patients with inactivated (DBS-OFF) and activated stimulation (DBS-ON). (b) Mean VHI scores for control speakers and patients with
DBS-ON according to VHI norm ranges. (c) VAS scores (“ability to speak”) for controls and patients with DBS-OFF and DBS-ON. Error bars represent standard
deviation.

https://doi.org/10.1371/journal.pone.0191359.g005
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Table 3. Acoustic measurements across subjects (mean and SD) for control group and ET patients with DBS-OFF and DBS-ON, sorted by place of articulation
(/pa, ta, ka/).

Acoustic variable POA Control DBS-OFF DBS-ON
(1) Syllable duration (ms) pa_ ] 115 ] 193(55) | 221(67) .
@ 16309 . 270N 207
ka 173 (22) 229 (68) 273 (81)
(2) Voicing-to-syllable ratio (%) ) 05111 ] 0580.17) | 06014
L S— A 0.57012) 062(0.15) | 065015 .
ka 0.52 (0.1) 0.54 (0.14) 0.62 (0.15)
(3) Voicing-during-closure (%) P 044005 | 066(048) | 072(045)
@ 048005 ! 058(05) | 084037)
ka 0.26 (0.44) 0.38 (0.49) 0.53 (0.5)
(4) Frication-during-closure (%) PO 005023) 019040) 033047)
@ 065048) 0.65048) | 086035
ka 0.26 (0.44) 0.57 (0.50) 0.75 (0.44)

https://doi.org/10.1371/journal.pone.0191359.t003

(A) Overall speaking rate: Syllables were lengthened when comparing controls with ET
patients in the DBS-OFF condition and when comparing ET patients during DBS-OFF
with DBS-ON.

(B) Frication-during-closure: There was an increase in cases of frication for /pa/ and /ka/
when comparing controls with DBS-OFF and for all places of articulation when comparing
DBS-OFF with DBS-ON.

(C) Voicing-during-closure: When comparing DBS-ON with DBS-OFF, there was an increase
in voicing during the consonantal closure as well as an increase in voicing across the entire
syllable cycle.

The results are reported in detail below, separately for the comparisons of the control group
and ET patients with inactivated stimulation (DBS-OFF), and within-subject productions with
inactivated and activated stimulation (DBS-OFF and DBS-ON).

Comparing the control group to patients with inactivated stimulation
(DBS-OFF)

(1) For syllable duration, there was a significant difference between control and DBS-OFF.
More specifically, the analysis of syllable duration (CV = pa, ta, ka) revealed a significant
interaction between DBS and POA (x2(2) = 10.3; p = 0.0058). All three places of articula-
tion, POAs, showed the same pattern numerically, i.e., longer syllables for the patients in
the OFF condition (DBS-OFF: /pa/ = 193 ms, /ta/ = 217 ms, /ka/ = 229 ms) compared to
the control group (Control: /pa/ = 151 ms, /ta/ = 163 ms, /ka/ = 173 ms). The differences
between groups increased from /pa/ through /ta/ to /ka/. Patients with inactivated stimula-
tion (DBS-OFF) showed an increase in syllable duration when compared with an age-
matched group of healthy control speakers.

(2) For voicing-to-syllable ratio, there was neither a main effect of DBS (3 = 0.03, SE = 0.04,
%2(1) = 0.6; p = 0.43) nor a significant interaction between DBS and POA (}2(2) = 1.6;
p =0.44).

(3) For voicing-during-closure, there was neither a significant interaction between DBS and
POA (%2(2) = 1.4; p = 0.49) nor a significant main effect of DBS (£ = 0.8, SE = 0.6, x2(1) =
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Fig 6. Acoustic measurements across subjects (mean and SD) for control speakers and ET patients with DBS-OFF and DBS-ON, shown separately for place of
articulation (/pa, ta, ka/). The display of frication-during-closure and voicing-during-closure refers to the proportion of cases of which frication and/or voicing during
the consonantal constriction phase in /p, t, k/ occurred. Means for the proportion and ratio measures are not displayed with error bars, since means are correlated with
variability.

https://doi.org/10.1371/journal.pone.0191359.g006

1.4; p = 0.23). However, numerically there was a trend for patients to exhibit larger propor-
tions of instances with voicing-during-closure (0.54) than controls (0.39).

(4) For the parameter frication-during-closure, there was a significant interaction between
DBS and POA (x2(2) = 24.4; p < 0.0001). All three POAs showed the same pattern numeri-
cally, i.e., more frequent occurrences of frication during closure in DBS patients (DBS-OFF:
/pa, ta, ka/ = 0.19, 0.65, 0.57) than for the control group (0.05, 0.65, 0.26). While for /pa/
and /ka/ the proportion of stops exhibiting frication during closure was larger in patients
(/pa/ 0.19, /ka/ 0.57) than in controls (/pa/ 0.05, /ka/ 0.26), there was no such difference
between groups for /ta/ (0.65 vs. 0.65).
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Comparing ET patients in two conditions, with activated (DBS-ON) and
inactivated stimulation (DBS-OFF)

(1) For the syllable duration, there was a significant interaction between DBS and POA
(x2(1) = 15.8; p = 0.0004). All three POAs showed the same pattern numerically, i.e., longer
syllable duration in patients with DBS-ON (/pa/ = 221 ms, /ta/ = 242 ms, /ka/ = 273 ms)
than with DBS-OFF (/pa/ = 193 ms, /ta/ = 217 ms, /ka/ = 229 ms), with /ka/ showing the
strongest effect followed by /pa/ and /ta/.

(2) For voicing-to-syllable ratio, there was a significant main effect of DBS (8 = 0.052,
SE =0.008, x2(1) = 36.5; p < 0.0001) with greater proportions of voicing during the syllable
cycles for DBS-ON (0.63) than DBS-OFF (0.58). There was no significant interaction of
DBS and POA (%2(2) = 5.2; p = 0.08).

(3) For voicing-during-closure there was no significant interaction of DBS and POA (x2(2) =
7.9; p = 0.02, not significant after correction). There was a significant main effect of DBS
(8=0.9,SE=0.19, x2(1) = 23.8; p < 0.0001) with greater proportions of voicing during clo-
sure for DBS-ON (0.69) than DBS-OFF (0.54).

(4) For frication-during-closure, there was a significant main effect of DBS (3 = 1.31,
SE =0.21, x2(1) = 41.1; p < 0.0001) with greater proportions of frication during closure for
DBS-ON (0.64) than DBS-OFF (0.47). There was no significant interaction between DBS
and POA (x2(2) = 3.5; p = 0.17).

Articulatory results

Table 4 presents the results for the articulatory variables describing the consonantal gesture,
(5) duration of the acceleration phase, (6) duration of the deceleration phase, (7) maximum
displacement, (8) peak velocity, and (9) stiffness, across subjects for the three different groups,
sorted by POA.

The aggregated results are further displayed in Fig 7 (control: white bars; DBS-OFF: grey
bars; DBS-ON: black bars) for the different POAs. Results are discussed below by comparing
controls vs. DBS-OFF and DBS-OFF vs. DBS-ON for the different places of articulation (/pa,
ta, ka/) in the DDK task.

Table 4. Articulatory measurements (mean and SD) across subjects for control, DBS-OFF, and DBS-ON, sorted by POA.

Articulatory variable POA Control DBS-OFF DBS-ON
(5) Acceleration phase (ms) pa 26) 45Q23) 5942
R B & 006) 6@y L 0028)
ka 42 (8) 59 (30) 74 (37)
(6) Deceleration phase (ms) pa_ “4a) ] 5707) | 65Q4)
B 50) . 68(26) .| TAGY)
ka 47 (8) 60 (18) 68 (24)
(7) Displacement (mm) pa_ 499 | 69Q29) ] 58Q5)
B 3907 5625) ] 4SQY
ka 4.1(1.9) 5.2 (1.9) 4.8 (1.9)
(8) Peak velocity (mm/s) P 95.9359) . 1204(435) | 877617 .
B 836(34) 1009(36) | 72429
ka 69.9 (31.2) 76.7 (29.4) (24.1)
(9) Stiffness (pVel/displ) B 19507 18143) | 16(48)
@ 2704 193(49) | 17464
ka 17.2 (1.8) 15 (3.1) 13.4 (3.6)

https://doi.org/10.1371/journal.pone.0191359.t004
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separately for place of articulation (/pa, ta, ka/).

https://doi.org/10.1371/journal.pone.0191359.9007
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Analogously to the acoustic results, standard deviations were considerably higher when
comparing controls with ET patients in DBS-OFF condition and when comparing ET patients
during DBS-OFF versus DBS-ON (Table 4).

The statistical analysis showed the following main results for the consonantal gesture:

(A) Acceleration and deceleration phases increased when comparing controls with DBS-OFF
and also when comparing DBS-OFF with DBS-ON.

(B) Stiffness decreased when comparing controls with DBS-ON and also when comparing
DBS-OFF with DBS-ON.

(C) Peak velocity and displacement decreased when comparing DBS-OFF with DBS-ON.

As for the acoustic results, articulatory results are reported in detail below, separately for
the comparisons of the control group and ET patients with inactivated stimulation
(DBS-OFF), and within-subject productions with inactivated and activated stimulation
(DBS-OFF and DBS-ON).

Comparing the control group to patients with inactivated stimulation
(DBS-OFF)

(5) For the parameter acceleration phase, there was a significant interaction between DBS
and POA (x2(2) =9.7; p = 0.0079). All three POAs showed the same pattern numerically,
i.e., longer acceleration phases for the patients in DBS-OFF (/pa/ = 45 ms, /ta/ = 46ms,
/ka/ = 59 ms) than for the control group (/pa/ = 32 ms, /ta/ = 30 ms, /ka/ = 42 ms). How-
ever, the differences between groups increased from /pa/ through /ta/ to /ka/.

(6) Analysis of the deceleration phase, parameter revealed a significant main effect of DBS
(8=0.76, SE = 0.24, x2(1) = 8.3; p = 0.0039) with longer deceleration phases for the patients
in the DBS-OFF condition (61 ms) than for the control group (47 ms). There was no signifi-
cant interaction between DBS and POA (}2(2) = 3.2; p = 0.19).

(7) For the parameter displacement, there was neither a significant main effect of DBS (88 =
0.68, SE = 0.27, 42(1) = 5.5; p = 0.019, not significant after correction) nor a significant
interaction between DBS and POA (}2(2) = 6.5; p = 0.038).

(8) For peak velocity, there was neither a significant main effect of DBS (88 = 0.41, SE = 0.25,
%2(1) = 2.5; p = 0.11) nor a significant interaction between DBS and POA (x2(2) = 2.2;
p =0.34) nor

(9) For the abstract control parameter stiffness, there was a significant interaction between
DBS and POA (x2(2) = 10.3; p = 0.0057). All three POAs showed the same pattern numeri-
cally, i.e., less stiffness for the DBS patients (/pa/ = 18 mm, /ta/ = 19 mm, /ka/ = 15 mm)
than for the control group (/pa/ = 20 mm, /ta/ = 22 mm, /ka/ = 17 mm). The difference
between groups increased from /ka/ through /pa/ to /ta/.

Comparing ET patients in two conditions, with activated (DBS-ON) and
inactivated stimulation (DBS-OFF)

(5) For the analysis of the parameter acceleration phase there was a significant main effect of
DBS (8 =0.37, SE = 0.05, x2(1) = 52.2; p < 0.0001) with patients in the DBS-ON condition
(60 ms) exhibiting longer acceleration phases than in the DBS-OFF condition (50 ms).
There was no significant interaction between DBS and POA (x2(2) = 6.7; p = 0.035).
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(6) Analysis of the parameter deceleration phase revealed a significant main effect of DBS
(8=0.31, SE =0.05, x2(1) = 37.6; p < 0.0001) with patients in the DBS-ON condition (69
ms) exhibiting longer deceleration phases than in the DBS-OFF condition (61 ms). There
was no significant interaction between DBS and POA (¥2(2) = 0.5; p = 0.77).

(7) For displacement, there was a significant main effect of DBS (88 = 0.36, SE = 0.06, x2(1) =
37.3; p < 0.0001) with patients in the DBS-ON condition (5.1 mm) exhibiting smaller dis-
placement than in the DBS-OFF condition (6 mm). There was no significant interaction
between DBS and POA (x2(2) = 5.3; p = 0.07).

(8) Analysis of the peak velocity parameter revealed a significant main effect of DBS (88 = 0.65,
SE =0.06, x2(1) = 104.1; p < 0.0001) with patients in the DBS-ON condition (75 mm/s)
exhibiting lower peak velocity than in the DBS-OFF condition (101 mm/s). There was no
significant interaction between DBS and POA (x2(2) = 5; p = 0.08).

(9) For stiffness, there was a significant main effect of DBS (3 = 0.42, SE = 0.05, x2(1) = 68.2;
p < 0.0001) with patients in the DBS-ON condition (16) exhibiting lower stiffness than in
the DBS-OFF condition (18). There was no significant interaction between DBS and POA
(x2(2) =1.2; p=0.55).

For all acoustic and articulatory measures, standard deviations were considerably higher for
ET patients in the DBS-OFF condition compared to controls, and for patients in the DBS-ON
condition compared to the DBS-OFF condition, pointing in the direction of a decrease in the
control of articulatory forces that can be described as striking changes in the dynamics of the
speech motor system.

Fig 8 exemplifies the production of /t/ in the syllables /ta/ for one ET patient with inacti-
vated stimulation (middle) and activated stimulation (right), and one age-matched healthy
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Fig 8. Acoustic waveform and spectrogram for /ta/ and corresponding tongue tip position (vertical and horizontal position
with the same range across speakers) during the production of /t/, for one ET patient in the DBS-OFF (middle) and
DBS-ON condition (right) and one age-matched control-speaker (left).

https://doi.org/10.1371/journal.pone.0191359.g008

PLOS ONE | https://doi.org/10.1371/journal.pone.0191359  January 23, 2018 15/25


https://doi.org/10.1371/journal.pone.0191359.g008
https://doi.org/10.1371/journal.pone.0191359

@° PLOS | ONE

The effects of Thalamic Deep Brain Stimulation on speech dynamics

Acoustics

Articulation

Control DBS-OFF DBS-ON

-65

-70

-75

-80

2 S

EE8® | o o] «a
S EE BB M

I
84 1.4 59 1.665 2472

Time (s) Time (s) Time (s)

-145
-145

1

23
—1‘50
_1.50

) LM

/al i /a/ '
down
| front €———>back 2 3
110 105 100 ' 55 50 45 o0 ' 5 50 45 40
tongue tip position tongue tip position tongue tip position

Fig 9. Acoustic waveform and spectrogram for /ta/ and corresponding tongue tip position (vertical and horizontal position
with the same range across speakers) during the production of /t/, for one ET patient in the DBS-OFF (middle) and DBS-ON
condition (right) and one age-matched control-speaker (left).

https://doi.org/10.1371/journal.pone.0191359.9009

control speaker (left) in the acoustic and articulatory dimension. From top to bottom the fig-
ure displays the acoustic waveform with the respective spectrogram and the articulatory ton-
gue tip position for the gestural activation interval of /t/, i.e., from start to target of the
movement. The vertical axis displays the raising and lowering of the tongue and the horizontal
axis displays the fronting and retracting of the tongue tip. During the production of /t/ the ton-
gue tip is raised and fronted towards the alveolar ridge. The figure shows a progressive increase
in voicing (periodic energy during the closure phase) and frication (aperiodic energy during
the closure phase) on the acoustic surface accompanied by a higher degree of variability in ton-
gue tip movement from the healthy control speaker through the DBS-OFF to the DBS-ON
condition. When comparing the tongue tip positions for the patient with activated and inacti-
vated stimulation, the maximum displacement values were lower, pointing to the fact that a
higher number of leaking closures were produced under stimulation.

However, there was a high degree of speaker-specific variation and not all speakers were
affected in the same way in DBS-OFF and DBS-ON condition. Fig 9 presents the tongue tip
movement for another age-matched control speaker and corresponding patient in the DBS-
OFF and DBS-ON conditions. Variability in the patient’s production increased under stimula-
tion, but for this speaker this did not necessarily lead to target undershoot.

Order effects of phenotypical assessments

EMA recordings were made after stimulation changes had been kept constant for a minimum
of 20 minutes. As the sensors had to be kept on the articulators between the two recordings,
longer intervals between the DBS-ON and DBS-OFF measurements were not possible due to
the increasing risk of loosening of the sensors. However, one might argue that longer intervals
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between switching DBS on or off (e.g. 30 minutes) would have created more stable DBS effects
because more time is needed to develop a stable DBS state. Due to this methodological deci-
sion, the timing between the different phenotypical assessments might have affected our mea-
surements (as a reviewer rightfully pointed out).

To explore this possibility, we ran a series of additional model comparisons adding the rele-
vant covariate of DBS order (ON-OFF vs OFF-ON). These additional analyses can be retrieved
together with the data set here: https://github.com/troettge/Muecke-et-al-Thalamic-Deep-
Brain-Stimulation-changes-speech-dynamics. Before reporting our analyses and their results,
two caveats are in order. First, testing the impact of this covariate was not planned as part of
our hypothesis evaluation. It is an exploratory (as opposed to hypothesis testing) post-hoc
analysis that should be interpreted with caution and can only be taken as hypothesis generating
(as opposed to hypothesis testing). Second, and related to the first caveat, because this co-vari-
ate was originally not intended to be tested, our experimental design including our chosen
sample size did not take this covariate into account. Albeit counter-balanced the order of DBS,
we end up with a small number of participant for each order group. The resulting low power
increases both Type I and Type II errors.

As a starting point, we took the specified models of the main analysis (see section on acous-
tic and articulatory results) without the interaction terms between DBS and POA to simplify
our interpretation. For the comparisons between control group vs. patients in DBS-OFF, we
tested whether a model with DBS order (i.e. control vs. OFF (order OFF-ON) vs. OFF (order
ON-OFF) does improve the model fit significantly compared to a model with DBS only (i.e.
control vs. OFF). For the comparison between DBS-OFF and DBS-ON, we tested whether
there is either an interaction of DBS order and DBS or (if the interaction term was significant)
a main effect of DBS order. Table 5 presents the descriptive means for the acoustic and articu-
latory parameters related to the order of DBS (ON-OFF vs. OFF-ON) including effects
between groups.

The analysis indeed reveals an order effect of phenotypical assessment and corresponding
interactions in our dataset.

For the comparison between Control and DBS-OFF, only the acoustic measure of syllable
duration indicates a main effect of DBS order, with only those patients that arrived in a
DBS-ON state showing a significant difference (in their DBS-OFF state) compared to the con-
trol (x2(1) = 6.2; p = 0.013).

The differences between ET patients with activated and inactivated stimulation are con-
siderably larger when they went from DBS-ON to DBS-OFF, compared to when they went
from DBS-OFF to DBS-ON, as indicated by a significant interaction term between DBS order

Table 5. Descriptive means and effects between groups.

DBS-OFF DBS-ON Model comparison
Control
OFF-ON ON-OFF OFF-ON ON-OFF Order effect in C vs Off Order effect in ON vs Off
(1) Syllable duration (ms) 162.58 180.34 239.62 192.57 283.79 only ON-OFF differs from C interaction with DBS
(2) Voicing-to-syllable ratio (%) 0.53 0.64 0.53 0.64 0.62 ns interaction with DBS
(3) Voicing-during-closure (%) 0.39 0.65 0.44 0.74 0.66 ns ns
(4) Frication-during-closure (%) 0.33 0.58 0.38 0.67 0.62 ns interaction with DBS
(5) Acc. phase (ms) 34.76 44.52 53.24 46.88 70.23 ns interaction with DBS
(6) Dec. phase (ms) 47.06 58.11 63.76 65.01 71.92 ns ns
(7) Displacement (mm) 4.32 6.16 5.79 5.35 4.87 ns ns
(8) Peak velocity (mm/s) 82.74 110.61 93.43 88.48 64.85 ns interaction with DBS

https://doi.org/10.1371/journal.pone.0191359.t005
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and DBS stimulation. This interaction term turned out to be significant for syllable duration
(x2(1) = 24; p<0.0001), frication during closure (2(1) = 8.3; p = 0.004), voicing-to-syllable-
ratio (x2(1) = 31.5; p<0.0001), acceleration (x2(1) = 17.1; p<0.0001), as well as peak velocity
(2(1) = 6.7; p = 0.001).

We conclude that for some dependent measures, there is a strong effect of the stimulation
order, which could inform the experimental design of future studies. However, as far as the
available evidence suggests, the obtained differences between DBS-ON and DBS-OFF remain
intact regardless of the stimulation order.

Discussion
Limitations of the study

Basically, three limitations have to be considered in this study before we providing an inter-
pretation of the results. First and most relevant, we are aware that speech in ET patients with
inactivated DBS-electrodes (DBS-OFF) is not identical to speech in DBS-naive ET patients.

Of course, we cannot exclude that the pure presence of the inactivated electrodes causes the
observed changes in the speech motor system. Thus, our study design does not allow to differ-
entiate whether the observed changes in speech motor control in ET patients with DBS-OFF
are due to a microlesional effect of the electrode or whether they are a sign of subclinical dysar-
thria induced by the Essential Tremor itself (or a combination of both) when being compared
to healthy controls. However, since Kronenbuerger et al. [7] provided evidence that speech in
DBS-naive ET patients is already deteriorated compared to healthy controls, we assume that
the observed effect in DBS-OFF condition can be at least partially attributed to subclinical dys-
arthria rather than being solely explained by the mere presence of the inactivated electrodes.
For further clarification, a larger-scale EMA-study is needed, comparing DBS-naive ET
patients with and without cerebellar signs to an age- and sex-matched control group.

Second, we found order effects due to methodological decisions. EMA recordings were
made after stimulation changes had been kept constant for a minimum of 20 minutes. How-
ever, slightly longer intervals are recommended for the patients to adapt to the different phe-
notypical assessments [41] and this should be taken into account for the test design in future
studies. Indeed, we found that differences between DBS-ON and DBS-OFF state were stronger
for patients that arrived in DBS-ON. However, effects of different phenotypical assessment
were also present when patients arrived in DBS-OFF state.

Finally, it is worth mentioning that fast syllable repetition tasks are not directly comparable
to natural speech. When pushing the speech motor system to its limits one might discover
qualitative changes of the speech motor system that are related to the requirements of the
novel motor task rather than natural sentence production [42]. However, the DDK task has
been used before in a variety of acoustic studies and thus allows for comparability of our data
with previous results.

Acoustic data

In a first step, we replicated the acoustic results from [8] thereby confirming that speech param-
eters deteriorate in ET patients, irrespective of stimulation being activated or inactivated.
When comparing the control group with the ET patients in the inactivated (OFF) condition,
we found prolonged syllable durations as a common feature for dysarthria [43-45]. This is in
line with [7], who found that patients with advanced disease, i.e., with additional intention
tremor, show slower articulation rates compared to those with postural tremor and healthy
controls. However, [7] did not detect speech impairment under thalamic DBS. In contrast, our
data suggest that articulation rate considerably slowed down under stimulation, i.e., there was
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an additional effect of VIM-DBS on the articulation rate when comparing ET patients with
activated (DBS-ON) and inactivated stimulation (DBS-OFF). Within a gestural approach,
speech deterioration in ET patients the slowing down of overall articulation rate is seen as a
dynamic process that results from the increasing duration of consonantal and vocalic gestures
and/or a decrease of overlap between them. Note moreover that previous studies have found a
tendency for patients in DBS-ON to show increased syllable durations compared to DBS-OFF,
but never vice versa [8].

Furthermore, we found an increase of frication during the constrictions of the consonants
for /pa/ and /ka/ syllables when comparing controls with patients in DBS-OFF. In line with [8]
for ET patients and [9] for multiple sclerosis (MS) patients, this effect worsened considerably
under stimulation for all places of articulation within the patients’ group (DBS-OFF vs.
DBS-ON). Frication is a type of spirantization, caused by incomplete closure in the vocal tract,
and is considered to be a feature of dysarthric speech [22,43-47]. It results from the loss of con-
trol of articulatory force, leading to target under- or even overshoot (hypo- and hyperspeech).
For example, the production of the stop consonant /t/ in <tea> requires a full closure of the
tongue tip at the alveolar ridge in order to block the oral airflow leading to a silent gap on the
acoustic surface. In case of an undershoot of the desired motor goal, i.e., in the case in which
the articulatory closure is not fully achieved, air leaks out of the mouth during the closure
phase. On the acoustic surface, frication will be generated (spirantization), shifting the pho-
netic cues to the stop consonant /t/ in <tea>> towards a fricative /s/ as in <sea>. The phonetic
specificity of the syllable onset is thus strongly reduced and speech intelligibility decreased
[44].

The glottal system was also affected by the stimulation. When comparing the conditions
DBS-ON and DBS-OFF, there was an increase of voicing during the consonantal closure as well
as an increase of voicing across the entire syllable cycle shifting the voiceless stops in the direc-
tion of voiced stops. Insufficient glottal abduction is interpreted as a sign of dysarthric speech
[8,9,44,47-49].

Articulatory data

For the articulatory analysis, we investigated the duration of the gestural activation interval for
the consonantal closure. Both the acceleration and deceleration phases were longer when com-
paring controls with patients with inactivated stimulation (DBS-OFF). The duration of the ges-
tural activation interval for the consonant was considerably longer for patients in DBS-OFF
compared to controls. This effect was even greater under activated stimulation.

In addition, the abstract control parameter stiffness decreased when comparing controls
with patients in the DBS-OFF condition. Stiffness also decreased when comparing patients in
the DBS-OFF and DBS-ON conditions. Stiffness was calculated by obtaining the ratio of dis-
placement to maximum velocity, and pure changes in displacement were related to changes in
relative speed. A decrease in stiffness should correlate with a decrease in relative speed, where
there are slower and longer movements while the distance the articulator travels remains the
same. However, this expectation was not confirmed by our data: since peak velocity and dis-
placement did not change in a proportional way, our data rather suggest that we deal with a
combination of stiffness and changes in overlap between gestures (gestural phasing), both con-
tributing to syllable lengthening as well as the spirantization of stop consonants.

Furthermore, when looking at the data descriptively, the peak velocity values showed an
increase (instead of a decrease) in the DBS-OFF group by an amount of 16mm/sec, compared
to controls. In addition, the displacement values also showed a tendency to increase in the
DBS-OFF group. There was a tendency for the patients’ group (DBS-OFF; power compared to
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controls) to expend a greater degree of biomechanical power. The ET patients with DBS-OFF
were unable to minimize the articulatory effort in the fast motor task [50]. Even though there
was a high degree of biomechanical power, the motor goals were not achieved (otherwise no
frication would show up on the acoustic surface). This result is interesting, since the speech
motor system usually tends to minimize the amount of articulatory effort for vocal tract move-
ments during speech. Following the Hyperarticulation and Hypoarticulation (H&H) model
developed by [51], speakers constantly vary along a continuum of over- and under-articulated
speech (hyper- and hypo-articulated speech) in order to adapt to the complex demands of the
communication process [52,53]. This leads to an increase in overlap between articulatory ges-
tures and therefore to a higher degree of coarticulation, which is related to hypo-speech. In con-
trast, hyper-speech leads to a decrease in coarticulatory overlap and therefore to a more distinct
articulation, which enhances distances in the perceptual space. Hyper-speech adds more bio-
mechanical power and performance accuracy to a syllable or word to increase or decrease per-
ceptual distances between competing words or syllables and therefore increases the associated
resource costs [30,34,36,54-58]. Therefore, a fast syllable repetition task should lead into a mini-
mization of biomechanical power, but the opposite was found in our patients’ data, suggesting
that patients” have difficulty controlling articulatory force [30,52]. One explanation for this obser-
vation might be the existence of cerebellar dysfunction observed in ET patients. Multiple studies
reported cerebellar signs in ET patients, especially in the advanced stages of the disease. Symp-
toms include gait and balance disorders [59-61] as well as dysmetric eye movements [62,63].

When comparing peak velocity and displacement values for patients in inactivated and acti-
vated stimulation (DBS-OFF vs. DBS-ON), we observed a clear effect of stimulation. Both
parameters decreased under stimulation, revealing an overall slowing down of the system,
thus, a respective target undershoot. The movements were too slow to reach the desired articu-
latory goals in the given time frame leading to truncation. Under stimulation, patients showed
an additional slowing-down of the system leading to a very poor performance on the syllable
task. In terms of a mass-spring model, this can best be described as a combination of stiffness
reduction and phasing variation leading to truncation of the consonantal movement (cf.
Table 2 parameter modification).

The slowing-down increased the articulatory coordination problems. Note that the coordi-
nation of the speech motor system is already constrained in ET patients with inactivated stim-
ulation (DBS-OFF). When the stimulation (DBS-ON) was activated, timing deficits of the
lingual and labial systems worsened leading to an increase in lengthened syllables and spiranti-
zation on the acoustic surface, both interpreted as signs of dysarthria [22,43-46]. In addition,
variability increased in all temporal and spatial articulatory parameters. These changes were
not due to modification of a single parameter. We therefore assume that variation in stiffness
in combination with changes in overlap between gestures (gestural phasing) contribute to syl-
lable lengthening as well as the spirantization of stop consonants.

Basically, two pathophysiological mechanisms may explain stimulation induced dysarthria
in ET patients treated with VIM-DBS. First, current spread to the motor fibers of the internal
capsule may cause upper motor neuron or ‘spastic’ dysarthria in these patients [4,64]. This
idea is supported by the fact that severity of dysarthria correlates with more laterally placed
electrodes, which are closer to the internal capsule [65]. Another possible mode of action
could be that stimulation induced dysarthria results from affection of the dentato-thalamic
tract, which would result in cerebellar or atactic dysarthria. Several studies have shown that
supra-therapeutic stimulation in ET patients can induce atactic symptoms such as gait ataxia
or ataxia of the upper limbs [66,67].

However, overall slowing down could also be a compensatory mechanism, i.e., patients
talking slower due to a DBS-induced deficit. As slowing down of the speech kinematics is a
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feature of both upper motor neuron dysarthria and cerebellar dysarthria [68], the kinematic
data cannot offer further insights into the pathophysiology of stimulation induced dysarthria.
Moreover, stimulation induced dysarthria may also derive from a combination of both mecha-
nisms within the same patient. Also, the study population investigated here might be heteroge-
neous, i.e., some of our patients may have suffered from spastic dysarthria whilst others may
have suffered from the atactic type. The aim of this study was to thoroughly analyze speech
changes observed in VIM-DBS in ET-patients and not to differentiate between these possible
origins. Future studies are now needed to especially investigate the relation between lead loca-
tions, stimulation volumes, individual surrounding anatomy, and changes in speech. Incorpo-
rating new imaging modalities like MRI tractography and fiber tracking [69] might provide
new insights by being able to directly visualize neuroanatomical structures whose affection
might lead to speech deterioration like the internal capsule or the dentate-thalamic tract.

Conclusion

Articulatory and acoustic data suggest that we are dealing with two problems of the speech
motor system when we investigate ET patients with activated and inactivated stimulation com-
pared to healthy controls, namely a coordination deficit (DBS-OFF compared to controls) that
worsened under thalamic deep brain stimulation. This increase in articulatory coordination
problems likely triggered the additional overall slowing-down of the system that was found
(DBS-ON compared to DBS-OFF). Articulatory imprecision and slowness leads to a poor per-
formance in syllable production on the acoustic surface, reflecting an aggravation either of
pre-existing cerebellar deficits and/or the affection of the upper motor fibers of the internal
capsule under thalamic deep brain stimulation.
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