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The Effects of Deep Brain Stimulation
on Speech Intelligibility in Persons

With Essential Tremor

Linda Sandström,a Patric Blomstedt,b Fredrik Karlsson,a and Lena Harteliusc
Purpose: The aim of this study was to investigate how
deep brain stimulation (DBS) of the caudal zona incerta
(cZi) affects speech intelligibility in persons with essential
tremor.
Method: Thirty-five participants were evaluated: off
stimulation, on chronic stimulation optimized to alleviate
tremor, and during unilateral stimulation at increasing
amplitude levels. At each stimulation condition, the
participants read 10 unique nonsense sentences from
the Swedish Test of Intelligibility. Two listeners, blinded to
stimulation condition, transcribed all recorded sentences
orthographically in a randomized procedure. A mean
speech intelligibility score for each patient and stimulation
condition was computed, and comparisons were made
between scores off and on stimulation.
Results: Chronic cZi-DBS had no significant effect on
speech intelligibility, and there was no difference in
outcome between bilateral and unilateral treatments.
During unilateral stimulation at increasing amplitudes,
peech and Language Pathology, Department of Clinical
eå University, Sweden
linical Neuroscience, Department of Clinical Sciences,
sity, Sweden
peech and Language Pathology, Department of Health
ation, Sahlgrenska Academy at the University of
Sweden

ce to Linda Sandström: linda.sandstrom@umu.se

ef: Bharath Chandrasekaran
unton

16, 2019
ived August 30, 2019
ember 19, 2019
/10.1044/2019_JSLHR-19-00014

Journal of Speech, Language, and Hearing Research • Vol. 63 • 4

This work is licensed under a Creative Commons Attribution-N
loaded from: https://pubs.asha.org 94.255.144.161 on 03/30/2020, 
nine participants demonstrated deteriorating speech
intelligibility. These nine participants were on average
older and had more superior contacts activated during
the evaluation compared with the participants without
deterioration.
Conclusions: Chronic cZi-DBS, optimized for tremor
suppression, does not generally affect speech intelligibility
in persons with essential tremor. Furthermore, speech
intelligibility may be preserved in many individuals, even
when stimulated at high amplitudes. Adverse effects of
high-amplitude unilateral stimulation observed in this
study were associated with stimulation originating from a
more superior location, as well as with the participants’
age. These results, highlighting age and stimulation
location as contributing to speech intelligibility outcomes,
were, however, based on a limited number of individuals
experiencing adverse effects with high-amplitude
stimulation and should, therefore, be interpreted with
caution.
Deep brain stimulation (DBS) is a surgical treat-
ment for people with movement disorders who
have unsatisfactory symptom relief with medical

treatment alone. The method has been established as a safe
and effective treatment option for tremor, a cardinal symp-
tom of both Parkinson’s disease (PD) and essential tremor
(ET; Bhatia et al., 2018). The DBS system consists of three
components: a neuropacemaker, one or more electrodes
that are implanted deep into the brain, and extension cable(s)
connecting the electrode(s) to the pacemaker. In order to
achieve a good treatment effect, the stimulation generated
by the neuropacemaker must be strong enough to reach
brain structures that reduce the symptom(s) but also pre-
cise enough to avoid structures that may give rise to ad-
verse effects. One of the most common adverse effect of
DBS for ET and PD is impaired speech function (Alomar
et al., 2017; Fasano & Lozano, 2015), which, in severe cases,
may negatively affect speech intelligibility. Finding an ac-
ceptable balance between effective treatment and adverse
effects can thus be a challenging task in the postoperative
management.

Approximately 90% of people with PD develop hypo-
kinetic dysarthria during the course of the disease (Duffy,
2013), and DBS may further impair both articulation, phona-
tion, respiration, and prosody (Aldridge et al., 2016; Eklund
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et al., 2015; Tripoliti et al., 2014; Tsuboi et al., 2015). The
stimulation can sometimes exacerbate the typical hypoki-
netic symptoms (e.g., monopitch and loudness, low volume,
variable and/or short rushes of speech, breathy and hoarse
voice, imprecise articulation) already present in the patient,
but it may also introduce symptoms that are perceptually
distinct from typical hypokinetic dysarthria, such as strained
voice quality and dysarthria of a more spastic nature (Tsuboi
et al., 2015; 2017). A large survey of 702 individuals with
PD found more severe self-reported speech problems among
the 231 individuals treated with DBS compared to the 471
without DBS treatment, both at the functional, physical,
and emotional levels—impairments that can seriously affect
communication and quality of life overall (Wertheimer et al.,
2014). Consequently, adverse effects of DBS on speech intel-
ligibility have been reported in persons with PD (Johansson
et al., 2013; Törnqvist et al., 2005; Tripoliti et al., 2011,
2014), albeit with high interindividual variability (Fenoy
et al., 2017; Martel-Sauvageau & Tjaden, 2017; Sandström
et al., 2015; Tsuboi et al., 2015).

Compared to PD, speech in people with ET is, in gen-
eral, less affected by the disease itself, although some recent
studies (Mücke et al., 2014, 2018) have indicated that indi-
viduals with ET may exhibit deteriorated speech motor
performance compared to healthy controls. Voice tremor is
also a common symptom of ET that can interfere with com-
munication and adversely affect quality of life (Chandran &
Pal, 2013; Louis & Gerbin, 2013). While voice tremor may
improve with DBS (Avecillas-Chasin et al., 2019; Hägglund
et al., 2016; Matsumoto et al., 2016; Sandström et al., 2018,
2019), stimulation-induced dysarthria is a frequently re-
ported adverse effect, especially in those treated bilaterally
(Alomar et al., 2017). DBS has been found to cause impre-
cise articulation and a slow speech rate (Mücke et al., 2014,
2018; Plaha et al., 2011) in persons with ET and induce
symptoms that can generally be described as characteristic
of ataxic or mixed ataxic–spastic dysarthria (Matsumoto
et al., 2016), but with “preserved intelligibility” (Matsumoto
et al., 2016; Plaha et al., 2011). However, speech intelligibil-
ity was not the focus of any of these studies, and information
on how speech intelligibility was measured and a more de-
tailed description of the results are lacking in the reports.
To the best of our knowledge, only Becker et al. (2017) has
systematically investigated how DBS affects speech intelli-
gibility in people with ET. They investigated 16 participants
with ET at four different stimulation conditions (off, uni-
lateral right, unilateral left, and bilateral) and found that
group-level speech intelligibility was significantly lower
during bilateral stimulation compared to off and unilat-
eral right stimulation only. They further explored whether
the location of the electrode had an impact on speech in-
telligibility outcome but found no such association. How-
ever, there was an association between the participants’
ratings of their “ability to speak” and the electrode loca-
tion, where self-reported speech function worsened during
stimulation of more laterally located contacts.

Various DBS targets are used in ET and PD depend-
ing on symptomatology. For ET, the stimulation target of
Downloaded from: https://pubs.asha.org 94.255.144.161 on 03/30/2020, 
choice is the ventral intermediate nucleus (Vim) of the thal-
amus (Deuschl et al., 2011), whereas for PD it is the subtha-
lamic nucleus (STN; Limousin & Martinez-Torres, 2008).
STN-DBS is, however, not suitable for all individuals with
PD, and the most common alternative target for tremor-
dominant PD is the Vim (Fasano et al., 2012; Hariz et al.,
2008; Limousin & Martinez-Torres, 2008). More recently,
the posterior subthalamic area (PSA), including the caudal
zona incerta (cZi), has been highlighted as an effective tar-
get for tremor. The PSA is located immediately below the
Vim and posteriomedial to the STN (see Figure 1). It is an
area that is particularly dense with cerebellothalamic fibers
before they disperse into the Vim (Groppa et al., 2014), and
there is a growing body of evidence suggesting that stimula-
tion in the PSA/cZi is equally effective on tremor as Vim-
DBS and possibly also more efficient seeing that equivalent
tremor reduction may be achieved at lower stimulation am-
plitudes (Barbe et al., 2018; Dembek et al., 2017; Hamel
et al., 2007; Herzog et al., 2007; Sandvik et al., 2012; Xie
et al., 2012). PSA/cZi-DBS may also be a viable option for
persons with tremor-dominant PD (Blomstedt et al., 2018).

There is a growing interest in understanding where
in the brain adverse effects of stimulation may occur.
Stimulation-induced dysarthria and degraded speech in-
telligibility following STN-DBS for PD have been linked
to the location of the left electrode (Tripoliti et al., 2011,
2014), the use of high-amplitude and high-frequency stim-
ulation (Törnqvist et al., 2005; Tripoliti et al., 2011), and
the spread of stimulation either laterally (Mahlknecht et al.,
2017) or medially (Åström et al., 2010; Fenoy et al., 2017;
Mahlknecht et al., 2017) from the STN to the corticobulbar
or the cerebellothalamic tract, respectively. Since both
the Vim and the cZi target are in proximity to the STN (see
Figure 1), it has been hypothesized that stimulation-induced
speech impairments in people with ET are mediated by the
same mechanisms (Åström et al., 2010; Becker et al., 2017;
Matsumoto et al., 2016; Mücke et al., 2014).

Indeed, studies of Vim-DBS for ET have found that
lateral stimulation may be detrimental for speech, possibly
due to corticobulbar involvement (Becker et al., 2017;
Dembek et al., 2017; Matsumoto et al., 2016), but they
have not observed any links between negative effects on
speech and stimulation ventral to the Vim, that is, of the
cerebellothalamic fibers. The PSA/cZi is an area particu-
larly rich in cerebellothalamic fibers, and studies of PSA/
cZi-DBS for ET have found adverse effects on speech to
be less common compared to other side effects, such as
paresthesia and dizziness, and furthermore, if speech side
effects do occur, they show no clear anatomical distribution
(Dembek et al., 2017; Fytagoridis et al., 2013). Also, self-re-
ports from persons with ET have indicated that speech may
be less affected by PSA/cZi-DBS compared with Vim-DBS
(Barbe et al., 2018; Holslag et al., 2018) and that communi-
cation may actually improve postsurgery in people treated
with PSA/cZi-DBS (Barbe et al., 2018). Results from
our group on cZi-DBS for PD have, however, shown that
cZi-DBS can affect articulation negatively (Eklund et al.,
2015), sometimes to the extent that speech intelligibility
Sandström et al.: DBS Effects on Speech Intelligibility 457
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Figure 1. Left: Axial T2 magnetic resonance imaging at the level of the maximal diameter of the red nucleus (Rn). The targets in the caudal
zona incerta (cZi) and subthalamic nucleus (STN) are marked (red crosses). Right: Sagittal reconstruction based on the Morel atlas. The targets in
the ventral intermediate nucleus (Vim), cZi, and STN are marked (red crosses). VLp = Ventral lateral posterior nucleus of the thalamus.
deteriorates, but also that there is a high variability in
speech intelligibility outcomes among individuals with PD
(Johansson et al., 2013; Sandström et al., 2015). It re-
mains unclear to what extent cZi-DBS affects speech intel-
ligibility in persons with ET.

It is important to note that the methodologies for asses-
sing speech intelligibility differ in the studies discussed above
and that these differences may cause difficulties when it
comes to comparing results across studies. Some studies
have used listener assessments of the degree of speech in-
telligibility, either from ordinal scales (Becker et al., 2017;
Tsuboi et al., 2015) or visual analogue scales (Fenoy et al.,
2017; Martel-Sauvageau & Tjaden, 2017; Törnqvist et al.,
2005), whereas others have measured speech intelligibility
as the percentage of correctly perceived words from ortho-
graphic transcriptions of single words (Johansson et al., 2013)
or whole sentences (Åström et al., 2010; Mahlknecht et al.,
2017; Sandström et al., 2015; Törnqvist et al., 2005; Tripoliti
et al., 2011, 2014). While the former method is easy and
quick to administer, reliability may be poor, and it is also
a matter of debate whether ratings of intelligibility is a
valid method for measuring speech intelligibility overall
(Miller, 2013). Compared to rating scales, speech intelli-
gibility measures from percentage of correctly perceived
words may be considered a more objective type of measure-
ment but is also more time-consuming. Currently, there is no
consensus on how speech intelligibility should be assessed and
measured, but see Miller (2013) for a review on the strength
and weaknesses of different approaches and suggestions for
how to measure speech intelligibility in clinical practice.

Speech intelligibility can be regarded as a functional
measure of communication efficiency that gives an indica-
tion of the overall functioning of the components involved in
speech production. It seems intuitive that the more degraded
the speech, the less intelligible the speaker. However, and
458 Journal of Speech, Language, and Hearing Research • Vol. 63 • 4
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importantly, successful communication is not solely de-
pendent on the speaker’s proficiency in producing accu-
rate speech but is also influenced by the listener, the message,
and the context in which communication takes place.
Yorkston et al. (1996) defined speech intelligibility as
“the degree to which the acoustic signal (the utterance
produced by the dysarthric speaker) is understood by a
listener.” Thus, if the aim of measuring speech intelligi-
bility is to measure the accuracy of the acoustic speech
signal produced by a speaker, all other factors contrib-
uting to the outcome (i.e., the listener, the message, and
the context) need to be controlled for as far as possible.
Miller (2013) uses the term signal-dependent intelligibil-
ity to refer to situations where the message is retrieved by
the listener solely by means of the acoustic speech sig-
nal, without any contextual cues (including semantics,
syntax, and knowledge of the topic at hand) and nonver-
bal communication. Although not always clearly stated,
it is likely that most of the studies investigating speech
intelligibility change with DBS intend to measure this
“signal-dependent” intelligibility.

Creating a speech intelligibility test where the spoken
material is completely free of all contextual cues is, however,
a challenge. One approach is to use a single-word test. While
such tests may give a good account of the speaker’s articula-
tory proficiency, they do so at the expense of the more supra-
segmental aspects of speech (e.g., stress, intonation, rhythm).
An alternative approach is to compose random nonsense sen-
tences, stripped from semantic cues. In this way, the listener is
deprived of prerequisite knowledge of which word(s) to expect
next. Both single-word recognition tests and sentence intelligi-
bility tests using nonsense sentences are a part of the Swedish
dysarthria test and used in clinical practice in Sweden.

Another important aspect to consider when measuring
and comparing speech intelligibility scores, either between
56–471 • February 2020
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speakers or within a speaker over time, is the influence of
listener characteristics (Miller, 2013). Deciphering degraded
speech can be a perceptual challenge, and inevitably, some
listeners will be better at it than others, depending on factors
related to cognitive functions (e.g., memory and attention),
past experiences, and familiarity with a particular speaker,
a specific type of speech disorder, or the speech material
used (Miller, 2013). Miller (2013) suggests that one way to
control for these between-listeners differences in evaluations
of speech intelligibility is to have more than one listener
listen to the speech recordings and then take the average
score from all listeners.

To summarize, measuring speech intelligibility is of
clinical importance and an essential part both in the assess-
ment of the severity of a speech disorder and in the eval-
uation of a treatment. DBS has been found to degrade
speech intelligibility in people with PD; however, there
is limited research into DBS effects on speech intelligibility
in people with ET, and no one has specifically investigated
speech intelligibility outcomes following PSA/cZi-DBS.

The main objective of the current study was there-
fore to investigate how DBS targeting the PSA/cZi affects
speech intelligibility in persons with ET. Toward this aim,
we compared speech intelligibility scores off stimulation
with speech intelligibility scores on stimulation with the
chronic stimulation settings intended to reduce tremor. A
second objective was to explore how speech intelligibility is
affected by high-amplitude unilateral cZi stimulation and
whether the electrode location may influence the outcome.

Method
Participants

All persons diagnosed with ET and treated with
cZi-DBS for a minimum of 12 months at Umeå University
Hospital (N = 52) were invited to participate in this study.
Eight individuals declined, and one chose to withdraw her
participation. Another eight individuals could not partici-
pate due to other reasons (two died before data were col-
lected; four suffered from other unrelated diseases; and two
participants were excluded due to inability to complete the
oral reading task without dysfluencies and misreadings,
although they were perfectly intelligible in conversational
speech). Clinical characteristics for the 35 participants
enrolled in the study are presented in Table 1. The study
was approved by the regional ethical review board (Dnr:
2014-67-32M), and written informed consent was obtained
from all participants.

DBS Targeting and Electrode Location
Since 2004, the cZi is the target of choice for ET at

Umeå University Hospital. All participants in this study
had been implanted in the cZi, and the surgical procedure
has been described in detail previously (Blomstedt, 2018).
Briefly, the cZi target was identified anatomically on ste-
reotactic thin slice T2-weighted axial magnetic resonance
images. The target point lay slightly posteromedial to the
Downloaded from: https://pubs.asha.org 94.255.144.161 on 03/30/2020, 
visualized posterior tail of the STN (pSTN) on the mag-
netic resonance imaging (MRI) scan showing the maximal
diameter of the red nucleus (Rn; see Figure 1). To verify
that the electrode was placed within the intended target,
an intra-operative stereotactic computed tomography scan
was performed and fused with the pre-operative stereo-
tactic MRI. All procedures were performed by the same
surgeon (P. B.).

Postoperatively, the merged computed tomography
and MRI images were used to calculate the 3D coordinates
for each contact relative to the Rn, the pSTN, and the
midcommissural point (MCP). Given that the pSTN is
visualized on the axial image where the Rn has its maximal
diameter, the depth (i.e., the z-coordinate) of the pSTN
and the Rn will be the same. Hence, z-coordinates of con-
tacts relative to Rn and pSTN will also be the same.

Recording Procedure
The participants attended a single recording session

that lasted for approximately 2 hr. The recordings took
place in a quiet room in the person’s home or at the clinic,
using Laryngograph EGG-D200 and with the provided
head-mounted microphone positioned approximately 5 cm
from the corner of the mouth. The same recording soft-
ware (Speech Studio 5.0.1) and settings were used for all
recordings.

The Swedish Test of Intelligibility (STI; Hartelius,
2015) was used to elicit samples of patients’ speech. The
STI is made up of lists, each list containing 10 unique
computer-generated nonsense sentences with varying length
(four to 4–10 words per sentence). The lack of contextual
clues makes STI sentences less predictable than normal
and semantically plausible sentences, and the STI is thus
expected to be sensitive to mild speech impairment (Hartelius,
2015). At each applied DBS setting, the participants read
an STI list. In order to assure that the results were not
affected by talker and listener familiarity with the material,
no list was ever repeated.

A maximum of 11 different DBS settings was used in
the evaluation of DBS effects on speech intelligibility. The
order and timing of stimulation conditions were always the
same—in part to ensure that no sudden, unpleasant side
effects were induced in the participants and in part to
ascertain that the recording time could be kept within rea-
sonable limits while still accounting for DBS wash-in/-out
times. The participants were recorded: first, 60 min after
the DBS had been turned off (OFF-DBS); second, 15 min
after DBS had been turned on with the individualized
chronic settings (ON-DBS); and third, in an experimental
procedure with unilateral stimulation at increasing stimula-
tion amplitudes for a maximum of nine iterations (ON+).
In the experimental ON+ condition, a single contact was
active for all participants. The contact chosen was the one
with the best effect on contralateral hand tremor according
to assessments made with the Fahn–Tolosa–Marin Clinical
Rating Scale for Tremor (Fahn et al., 1993) in a 12-month
postoperative contact evaluation. For individuals with
Sandström et al.: DBS Effects on Speech Intelligibility 459

Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 



Table 1. Participant characteristics at the time of recording.

Participant ID
Sex/

handiness
Age

(years)
Duration of

disease (years)
Time since

surgery (months)
Tremor

reducing medication

Chronic stimulation settings

Amp Freq (Pwd)

B01 F/R 39 23 86 Propranolol 1.1, 1.9
1.3, 1.5

125 (90)

B02 F/R 70 63 62 — 2.1
1.7

150 (60)

B03 F/R 54 39 75 — 2.2
2.1

160 (60)

B04 F/R 59 46 47 — 1.0
1.7

130 (60)

B05 F/R 65 10 20 Propranolol 1.6
1.9

140 (60)

B06 M/R 61 21 13 — 1.2
1.7

140 (60)

B07 M/R 52 12 50 — 2.5
3.6

140 (60)

B08 M/R 62 12 12 — 3.2
2.0

160 (60)

B09 M/R 68 48 119 — 2.5
2.8

160 (60)

B10 M/R 68 33 44 — 1.6
0.8

140 (60)

B11 M/R 57 50 24 — 2.3
2.0

160 (60)

L01 F/R 74 14 12 — 2.3 140 (60)
L02 F/R 81 31 60 — 2.4 140 (60)
L03 F/R 79 13 78 — 2.2 150 (60)
L04 F/R 70 12 16 — 1.7 140 (60)
L05 F/R 83 76 55 Propranolol 1.9 140 (60)
L06 F/R 77 26 120 — 1.5 145 (60)
L07 F/R 79 18 40 — 1.2 160 (60)
L08 F/R 72 25 47 Propranolol 2.1 160 (60)
L09 F/R 76 21 40 — 2.6 140 (60)
L10 F/R 80 11 72 — 2.4 140 (90)
L11 M/R 75 65 36 — 2.8 120 (90)
L12 M/R 75 20 59 — 2.2 160 (60)
L13 M/R 62 54 79 Propranolol 1.8 170 (60)
L14 M/R 68 53 120 Propranolol 1.5 160 (60)
L15 M/R 85 30 112 — 2.6 160 (60)
L16 M/R 81 14 113 — 3.7 140 (60)
L17 M/R 78 23 35 — 1.6 140 (60)
L18 M/R 76 46 13 Propranolol 1.7 140 (60)
L19 M/R 68 53 20 Primidone 1.8 160 (60)
L20 M/R 65 50 26 — 2.0 160 (60)
L21 M/R 68 58 39 — 1.7 160 (60)
R01 F/R 75 17 129 — 2.8 160 (60)
R02 M/L 75 57 36 — 2.3 130 (60)
R03 M/L 68 12 131 — 1.4 130 (60)
N = 35 F: 15

M: 20
70 ± 10
(39–85)

33 ± 19
(10–76)

58 ± 38
(12–131)

Tremor-reducing
medication:

n = 8 (23%)

2.0 ± 0.6
(0.8–3.7)

Freq: 146 ± 13
(120–170)

Pwd: 62 ± 7
(60–90)

Note. Participant ID indicates side of electrode(s). Group-level characteristics are given as M ± SD (range). Em dashes indicate no tremor
reducing medication. B = bilateral; Amp = stimulation amplitude (V); Freq = stimulation frequency (Hz); Pwd = pulse width (μs); F = female; R =
right; M = male; L = left.
bilateral implants, the best contact on the electrode for the
hand-dominant side was chosen (e.g., a left electrode con-
tact for a right-handed person), and the electrode for the
other side (i.e., the right electrode in the example above)
was switched off. The amplitude level was then increased
in steps of 0.5 V, beginning at 0.5 V up to 4.5 V or until
the participant experienced disabling side effects or fatigue.
460 Journal of Speech, Language, and Hearing Research • Vol. 63 • 4
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Frequency and pulse width remained fixed at 140 Hz and
60 μs, respectively. Recordings in the ON+ condition took
place 5 min after the DBS had been adjusted. Hand
tremor severity (postural, kinetic, and rest tremor) was
scored immediately after each recording by a DBS nurse
using Item 5/6 of the Fahn–Tolosa–Marin Clinical Rating
Scale for Tremor (Fahn et al., 1993). Individuals receiving
56–471 • February 2020
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tremor-reducing medication were instructed to refrain from
taking their medication from the night before the day of
recording.

Listening Procedure
The recordings of the STI sentences were manually

labeled and marked, and then extracted using Praat (Boersma
& Weenink, 2015). Altogether, there were 2,784 unique
STI sentences.

Two students in their final semester on the speech-
language-pathology program (both female, native Swedish
speakers, 23 and 25 years old, respectively, and with equiv-
alent experience in transcription and dysarthric speech)
individually transcribed all STI sentences orthographically
using a computer software program, Alvin (Hillenbrand
& Gayvert, 2005). The STI sentences were presented over
headphones (Sennheiser HD 280 pro 64 Ω) in a random-
ized order. The listeners could adjust the playback volume;
however, the extent to which they did this was not recorded.
The students listened to one STI sentence at a time, tran-
scribed the words in the sentence orthographically before
moving on to the next sentence. They were instructed to
repeat a sentence only if there were technical problems, dis-
turbing external factors, or factors related to their own
memory function. The software kept a record of how many
times each sentence had been played.

Self-Assessment of Communicative Participation
Thirty-three participants with ET and 33 healthy

controls (matched for sex and age) filled out a self-report
questionnaire, Self-Perceived Acquired Speech Disorders
(Hartelius, 2015), which is a revised and shortened version
of Living With Dysarthria (Hartelius et al., 2008). This
questionnaire contains 30 statements designed to assess
severity of self-perceived speech difficulties, including com-
municative participation. Examples of statements are as
follows: “My speech is slow,” “My speech is slurred,” “I
often need to repeat what I’ve said because people don’t
understand me,” “It’s difficult to talk on the phone,” and
“I avoid situations where I’m expected to talk.” The person
filling out the questionnaire indicates how well each state-
ment applies to them on a 4-point scale (definitely false,
sometimes true, mostly true, and definitely true).

Data Analysis
A mean speech intelligibility score was computed for

each participant and stimulation condition according to
the STI manual (i.e., total number of correctly transcribed
words in the STI list / total number of words in the STI
list × 100; Hartelius, 2015). Misread words were removed
from the data set.

To address the question of how the cZi-DBS treat-
ment affected speech intelligibility, mean values for speech
intelligibility OFF-DBS and ON-DBS were aggregated
across the 35 participants, and the difference was tested using
a Wilcoxon signed-ranks test. The difference in speech
Downloaded from: https://pubs.asha.org 94.255.144.161 on 03/30/2020, 
intelligibility outcome between participants with bilateral
and unilateral DBS was compared using a Mann–Whitney
U test.

To address the question of how unilateral high-
amplitude stimulation affected speech intelligibility, the
participants were grouped according to speech intelligibil-
ity response to stimulation in the ON+ condition. Deterio-
ration in speech intelligibility was defined as a reduction
in speech intelligibility score by at least 5.0% at any time
during ON+ stimulation compared with speech intelligibil-
ity score OFF-DBS. A threshold value of 5.0% was chosen
based on the assumption that this would be low enough
for detecting differences, yet high enough to avoid signal-
ing too small differences. Differences between the group
demonstrating deterioration in speech intelligibility and the
group without deterioration were examined using Mann–
Whitney U tests.

Spearman rank order correlation was analyzed to
determine the relationship between mean speech intelligi-
bility score and (a) the range in speech intelligibility score
between the two listeners, (b) the number of repeated lis-
tenings, and (c) the total duration of the STI list recordings.
Interrater reliability was assessed using a two-way random,
absolute agreement, average measures intraclass correla-
tion coefficient (ICC; McGraw & Wong, 1996).

Statistical analyses were performed using IBM/SPSS
Statistics 24. The significance level was set at .05 in
all statistical tests, and effect sizes for significant differ-
ences were calculated as r = Z/√N (where Z denotes the
test statistic reported by SPSS and N is the number of
observations).
Results
The mean interrater reliability between the two lis-

teners was good, ICC = .76, with a moderate to good 95%
confidence interval for the ICC [.55, .85] (Koo & Li, 2016).
There was a medium, negative correlation between mean
intelligibility score and score range, rs(278) = −.480, indi-
cating that the lower the intelligibility score, the higher the
range in score between the two listeners (see Figure 2).
According to the listening instructions, sentences should
not be repeated (except in extraordinary circumstances);
however, results showed that 17% of the material was
repeated at least once, 2% was repeated twice, and five
listenings were repeated three times. There was a medium–

strong, negative correlation between total number of listen-
ings to an STI list and mean intelligibility score, rs(278) =
−.512, which could indicate that the listeners were more
inclined to repeat sentences that were difficult to decipher.
The proportion of repeated listenings were similarly distrib-
uted across stimulation conditions: OFF-DBS, ON-DBS,
and ON+ at low to mid-high amplitude levels; however,
the percentage of repetitions increased at the two highest
amplitude levels ON+ (see Table 2). There was no correla-
tion between intelligibility score and total duration of the
STI list recording, rs(278) = −.020.
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Figure 2. A plot of the mean speech intelligibility score (%) for each participant and stimulation condition together with
the range in scores between the two listeners’ transcriptions.
Self-Assessed Communicative Participation:
Comparing Persons Receiving cZi-DBS
With Healthy Controls

Participant’s self-rating of communicative participa-
tion was high overall. A total of 33 participants completed
Living With Dysarthria, and their average score (Mdn =
0.19, range: 0–1.47) did not differ from the average score
of healthy controls (Mdn = 0.28, range: 0–1.08), U = 480.00,
p = .408. Individual ratings of communicative participation
are visualized in Figure 3.
Table 2. The percentage of repeated listenings of STI sentences at
each stimulation condition.

Stimulation
condition

Distribution of repeated listenings (%)

0 1 2 3

OFF-DBS 84.0 14.9 1.0 0.1
ON-DBS 82.6 16.3 1.1 0
ON+
0.5 V 86.0 12.9 0.9 0.1
1.0 V 84.2 14.2 1.6 0
1.5 V 82.7 15.5 1.7 0.2
2.0 V 84.6 13.4 1.9 0.2
2.5 V 79.8 18.4 1.6 0.2
3.0 V 83.8 14.5 1.7 0
3.5 V 81.1 16.3 2.6 0
4.0 V 74.7 22.2 3.2 0
4.5 V 73.5 21.4 5.1 0

Note. OFF-DBS = off stimulation; ON-DBS = on chronic stimulation;
ON+ = increasing unilateral stimulation.
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Effect of cZi-DBS Treatment on Speech
Intelligibility: Off–On Comparison

Average speech intelligibility was not affected by
DBS at the participant’s chronic settings, (ON-DBS: Mdn =
95.3%, range: 81.4–100.0; OFF-DBS: Mdn = 95.0%, range:
84.9–100), Z = −.241, p = .809. On an individual level,
speech intelligibility deteriorated ON-DBS in two individ-
uals and improved in one, but the vast majority (n = 32)
exhibited only minor changes (see Figure 4). The two par-
ticipants with deterioration in speech intelligibility ON-DBS
was observed to have higher average stimulation amplitude
and frequency compared to the others (see Table 3). Sta-
tistical comparison of the 11 participants with bilateral
DBS and the 24 participants with unilateral DBS showed
that the average difference in speech intelligibility score off
and on stimulation did not differ between the two treatments
(bilateral: Mdn = 1.64%, range: −10.3 to 11.9; unilateral:
Mdn = −.75%, range: −11.6 to 4.6), U = 88.00, p = .118.
Speech Intelligibility Response to Unilateral
High-Amplitude cZi Stimulation and the Relation
to Contact Location

Stimulation at low amplitude levels had little effect
on average speech intelligibility. However, a decrease could
be observed at higher amplitudes (see Figure 5).

On an individual level, nine of the 35 participants
demonstrated deterioration in speech intelligibility in the
ON+ condition and 25 demonstrated no deterioration (see
Table 4). One participant was excluded from the analysis
owing to the fact that speech intelligibility in this individual
56–471 • February 2020
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Figure 3. Self-rated communicative participation and age for 33 persons with essential tremor and 33 healthy controls
(matched for sex and age). LwD = Living With Dysarthria; ET = essential tremor.
fluctuated without a discernible pattern in the ON+ condi-
tion, however, was unaffected by chronic stimulation with
the clinical settings (ON-DBS). Statistical comparison of
between-groups differences (see Table 4) indicated that
participants with deterioration were significantly older
(Mdn = 76) than the other participants (Mdn = 68), U = 35.5,
p = .002. There were no significant differences between the
two groups in any of the other investigated parameters:
time since surgery (U = 90, p = .392), disease duration
(U = 87.5, p = .339), maximal amplitude used ON+ (U =
105, p = .774), and speech intelligibility score OFF-DBS
(U = 90, p = .392). Individual data on speech intelligibility
scores at each stimulation condition ON+, together with
participants’ age and side effects at the maximal amplitude,
are reported in Figure 6.

The distribution of contacts for the deteriorating and
the nondeteriorating group is presented in Figure 7. Mann–
Whitney U tests indicated significant differences in contact
location for the superior/inferior dimension (i.e., z-coordinate)
between the two groups (see Figure 7), both relative to the
MCP, U = 59, p = .036, r = −.36, and the Rn/pSTN, U =
53.5, p = .020, r = −.40. This result suggests that the group
with deterioration in speech intelligibility had more supe-
rior contacts active during ON+ stimulation than did the
Downloaded from: https://pubs.asha.org 94.255.144.161 on 03/30/2020, 
group with no deterioration. There were no significant
differences between the two groups in the medial–lateral
(i.e., x-coordinate; MCP: U = 89, p = .370; Rn: U = 71.5,
p = .113; pSTN: U = 84, p = .275) and the anterior–posterior
(i.e., y-coordinate; MCP: U = 107, p = .840; Rn: U = 91.5,
p = .413; pSTN: U = 94, p = .482) dimension.

Discussion
The results of this study indicate that speech intelli-

gibility in persons with ET is generally not severely affected
by chronic cZi-DBS. This was demonstrated both from
blinded transcriptions of read sentences and in participants’
self-ratings of their communicative functioning, which were
similar to ratings made by age- and sex-matched controls.
The finding that chronic cZi stimulation has little effect on
speech intelligibility is in line with what has been presented
for patients treated with bilateral Vim-DBS (Matsumoto
et al., 2016) and bilateral patients during unilateral Vim
stimulation (Becker et al., 2017). However, in contrast to
Becker et al. (2017), we found no indications that bilateral
stimulation would be specifically detrimental for speech in-
telligibility. Instead, unilateral and bilateral stimulation of
the cZi appeared to affect intelligibility to a similar extent.
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Figure 4. Difference in speech intelligibility on stimulation compared to off stimulation for 35 persons with essential tremor treated with deep
brain stimulation in the caudal zona incerta.

Table 3. Characteristics for participants grouped by speech intelligibility outcome with chronic stimulation.

Characteristic

Speech intelligibility: ON-DBS vs. OFF-DBS

Improvement
≥ + 5%
n = 1 (3%)

Deterioration
≤ − 5%
n = 2 (6%)

No change
± 4.9%

n = 32 (91%)

Females/males 0/1 0/2 15/17
Age at recording (years) 61

(N/A)
76 ± 12

(68–85)
70 ± 10

(39–83)
Time since surgery (months) 13

(N/A)
116 ± 5
(112–119)

56 ± 36
(12–131)

Disease duration at recording (years) 21
(N/A)

39 ± 12
(30–48)

33 ± 20
(10–76)

Side of stimulation: bilateral/left/right 1/0/0 1/1/0 9/20/3
Stimulation settings: amplitude, frequency, pulse width 1.5 V, 140 Hz, 60 μs 2.6 V, 160 Hz, 60 μs 2.0 V, 147 Hz, 63 μs
Speech intelligibility score OFF-DBS 86%

(N/A)
98%
(98–99)

94%
(85–100)

Speech intelligibility score ON-DBS 98%
(N/A)

87%
(86–89)

95%
(81–100)

Contralateral hand tremor score OFF-DBS
(M ± SD (range))

5
(N/A)

5.0 ± 5.6
(1–9)

5.7 ± 2.4
(1–12)

Contralateral hand tremor score ON-DBS
(M ± SD (range))

2
(N/A)

1.0 ± 1.4
(0–2)

0.5 ± 0.9
(0–3)

Note. Speech intelligibility scores and hand tremor scores are reported to enable comparisons between the subgroups. Values are given as
M ± SD (range). Contralateral hand tremor was assessed on the hand-dominant side for patients with bilateral stimulation. OFF-DBS = off
stimulation; ON-DBS = on stimulation with the chronic DBS settings.
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Figure 5. Average speech intelligibility score with unilateral stimulation at increasing amplitudes (ON+). Number of
individuals evaluated at each stimulation condition is indicated on the x-axis. CI = confidence interval.
Negative effects of chronic stimulation on speech
intelligibility were, however, noted in two of the partici-
pants (one with bilateral stimulation and one with unilateral
left stimulation). These two individuals had higher ampli-
tude and frequency settings compared to the average settings
of the 32 participants with preserved speech intelligibility.
High-stimulation settings increase the risk of inducing un-
wanted side effects, and high-amplitude and high-frequency
stimulation of the STN has also been found to impair
speech intelligibility in people with PD (Törnqvist et al.,
2005; Tripoliti et al., 2011).

To investigate how high-amplitude stimulation of
the cZi affects speech intelligibility in people with ET, we
evaluated the participants during unilateral stimulation at
Table 4. Descriptive data for subgroups based on the incidenc
stimulation at increasing amplitude levels compared with basel

Characteristic

Females/males
Age at recording(years)

Time since surgery (months)

Disease duration at recording (years)

Side of stimulation: n (left/right)
Maximum amplitude: Mdn (range)

Baseline speech intelligibility score (off stimulation)

Note. Values are given as M ± SD (range), unless otherwise s

Downloaded from: https://pubs.asha.org 94.255.144.161 on 03/30/2020, 
increasing amplitude levels up to a maximum of 4.5 V.
During this procedure, nine participants demonstrated
deterioration in speech intelligibility, whereas the re-
maining 25 demonstrated no negative effects of the stimu-
lation. Considering that the participants could choose to
discontinue the evaluation at any amplitude level, it was
essential to ensure that the two groups simply did not
differ in terms of the maximal amplitude level used. They
did not. In other words, it was not apparent that high-
amplitude cZi stimulation had consistently negative
effects on speech intelligibility. Instead, our results indi-
cated that the outcome could have been affected by the
participants’ age and the specific location of the active
contact.
e of speech intelligibility deterioration during unilateral
ine speech intelligibility (off stimulation).

Deterioration
n = 9 (26.5%)

No deterioration
n = 25 (73.5%)

4/5 11/14
77 ± 5
(68–85)

67 ± 10
(39–81)

47 ± 30
(12–112)

62 ± 40
(12–131)

39 ± 21
(14–76)

32 ± 18
(10–65)

8/1 23/2
3.0 V
(1.5–4.5)

3.0 V
(1.0–4.5)

94 ± 4%
(87–98)

95 ± 4%
(85–100)

pecified.
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Figure 6. Individual speech intelligibility scores at unilateral stimulation with increasing amplitudes. Figures off stimulation are absolute scores.
Figures on stimulation are the score difference (in percentages) compared with off. * denotes deterioration in speech intelligibility according to
the –5.0% cutoff. Individual data on age and side effects at maximal stimulation amplitude are also reported.
The participants demonstrating deterioration in
speech intelligibility with unilateral high-amplitude stimu-
lation were on average older, suggesting that the speech of
older people may be more susceptible to stimulation. They
also had more superior contacts activated during the evalu-
ation compared to the participants with no deterioration.
The difference in contact depth was significant in relation
466 Journal of Speech, Language, and Hearing Research • Vol. 63 • 4

Downloaded from: https://pubs.asha.org 94.255.144.161 on 03/30/2020, 
to all three anatomical reference points used in this study.
This result, which implies that the depth of the active con-
tact may be a contributing factor to speech outcomes, is
rather surprising given that existing literature has mainly
emphasized the laterality of the contact as important for
speech outcomes (Åström et al., 2010; Becker et al., 2017;
Tripoliti et al., 2014). However, our findings need to be
56–471 • February 2020
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Figure 7. Distribution of contacts grouped by effect on speech intelligibility. Contact locations are given relative to the midcommissural point
(MCP), the red nucleus (Rn), and the posterior tip of the subthalamic nucleus (pSTN). Note that higher values of the x-coordinate relative to
MCP and Rn indicate a more lateral location, whereas higher values of x-coordinate relative to pSTN indicate a more medial location. The
boxes span from the 25% to the 75% quartile. The whiskers of the box span indicate the range of values. The median is displayed as a line
inside the box.
evaluated in the light of the fact that they are based on
a small number of persons with ET, of which only nine
demonstrated deterioration in speech intelligibility. Future
studies performing analyses based on the volume of tissue
activation, preferably including tractography, may eluci-
date where the stimulation causes negative effects on speech
and whether the depth of the electrode contributes to the
outcome.

There is currently no consensus on how to measure
speech intelligibility in these populations, and different
studies have consequently used different methods. This
may pose a problem when evaluating and comparing results
between studies. Moreover, when assessing the suitability
Downloaded from: https://pubs.asha.org 94.255.144.161 on 03/30/2020, 
of a particular method, this should be done in light of how
speech intelligibility was defined, that is, as signal depen-
dent or signal independent (Miller, 2013). Unfortunately,
many DBS studies do not explicitly state their definition of
the term intelligibility, and even fewer problematize their
choice of method and its validity as a measure of the type
of intelligibility they intend to measure.

In this study, we defined “speech intelligibility” as
the listeners’ ability to retrieve the intended message solely
from the acoustic signal produced by the speaker, which
according to Miller (2013) may be included in the term
signal-dependent intelligibility. Thus, it was imperative to
use a method that could control for other influential
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factors related to the message and the listener as far as pos-
sible. To ensure that contextual cues were kept to a mini-
mum, the participants read a list of nonsense sentences
containing no semantic clues to the listeners. The lists were
designed to be equivalent to one another, and each list
was used only once, thus ensuring that listeners were un-
familiar with the content. The influence of listener charac-
teristics was controlled for by using the average result from
two listeners (Miller, 2013), who were comparable in age
and experience of listening to dysarthric speech. Never-
theless, the fact that there were only two listeners is an
obvious limitation of this study, and we cannot rule out
the possibility that other aspects than the acoustic signal
produced by the speaker may have influenced the result.

Critique of the Method
There were a number of limitations of this study, and

their potential impact on the results warrants further dis-
cussion. The first limitation addressed concerns the recording
procedure and the nonrandomized order of the stimulation
conditions. While this procedure ensured that we could
conduct all speech recordings in a single session and still
take into account DBS wash-in/-out times, it is possible that
the fixed order and timing of conditions introduced con-
founders (e.g., fatigue in later recordings), which could
have had more systematic effects on the results. Although
it appears unlikely that such effects would have a bearing
on speech intelligibility results off and on habitual stimula-
tion (as these evaluations were always performed first),
there is a possibility that later recordings (i.e., high-amplitude
stimulation in the experimental condition) were disadvan-
taged and thus that speech intelligibility may have been
underestimated in these conditions.

Another limitation was the number of listeners included
in this study. While overall interrater agreement was good,
more detailed analyses indicated that the two listeners might
have differed in their ability to process and transcribe speech,
especially samples with reduced intelligibility. However,
fundamental differences in the ability to perform the tran-
scription task are likely not the only factor behind interrater
disagreement considering that the procedure involved tran-
scription of a vast number of sentences (n = 2,784) over
several weeks. Thus, other, more transient factors, such as
variations in motivation, concentration, level of fatigue,
and so forth, might also have contributed to the between-
listeners differences. Furthermore, we did not include a
measure of perceived listener effort in the transcription task
(Nagle & Eadie, 2018), which would have provided valu-
able information for assessing how listener-specific char-
acteristics and external factors may have influenced the
ratings.

Finally, some factors related to the listening proce-
dure that either was not controlled for (i.e., playback volume)
or was controlled for but could nevertheless have influ-
enced the results (i.e., repeated sentences) deserve attention.
With regard to repeated sentences, we found that 17% of
the material in this study was listened to at least twice
468 Journal of Speech, Language, and Hearing Research • Vol. 63 • 4
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despite instructions that discouraged repeated listening. Since
speech intelligibility score has been shown to increase with
the number of repetitions (Lagerberg et al., 2015), there
is a possibility that speech intelligibility was overestimated
in some cases. However, and importantly, there were no
indications that these extra repetitions had any systematic
effect on the results, on the whole, seeing that the propor-
tion of repeated sentences were comparable across stimula-
tion conditions. Nevertheless, an increase in the percentage
of repetitions could be seen at the last two ones (i.e., at
stimulation with 4.0 and 4.5 V). The extent to which speech
intelligibility may have been inflated by more frequently
repeated listening at the 4.0 and 4.5 V conditions is diffi-
cult to estimate, but the possibility must be taken into
account. With regard to playback volume, we have no means
to directly control whether the listeners adjusted the volume
and when this might have happened. However, one indirect
way of deducing if volume adjustments differed systemati-
cally across stimulation conditions relates back to the
repeated sentences. More specifically, a listener needing to
adjust the volume would most likely also listen to the
sentence once again before completing the transcription.
Given that the proportion of repeated sentences did not
differ between conditions off, on, and unilateral stimulation
at low to mid amplitude levels, it seems unlikely that the
adjustment of playback volume would.

The limitations discussed above show how important
it is to take into account all aspects related to speech intel-
ligibility in the design phase of a study and also how diffi-
cult it can be to control for factors potentially affecting the
outcome. The methodology in assessing speech intelligibil-
ity in future studies of these populations needs to be further
refined.
Conclusions
This is the first study to systematically investigate the

effects of cZi-DBS on speech intelligibility in persons with
ET. The results indicate that chronic cZi-DBS, in general,
does not interfere with speech to the extent that it affects
speech intelligibility. Moreover, speech intelligibility may
be preserved for many patients, even when they are stimu-
lated at high-amplitude levels well above the clinical levels.
Even so, about one fourth of the participants showed
deteriorating speech intelligibility at high-amplitude stimu-
lation, and our results suggest that old age and more supe-
rior contacts were factors that may have contributed to
the negative outcome. These findings, however, need to be
interpreted with caution as they are based on a limited
number of persons with decreased speech intelligibility. Also,
since speech intelligibility is a rather crude measure of
speech function, we cannot draw any conclusions on how
cZi stimulation affects all aspects of speech production
based on these results alone. To get a better picture of the
impact of cZi-DBS on speech functioning, measures of
speech intelligibility need to be complemented by measures
related to articulation proficiency, prosody, and voice.
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