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Introduction

Since deep brain stimulation of the subthalamic nucleus, rst
introduced as a medical treatment for Parkinson's disease (PD) in 1987,
was approved in 1997 by the FDA, it has become an established therapy
of choice for tens of thousands of individuals world-wide with PD and
other neurological or psychiatric disorders [1,2]. PD is caused by basal
ganglia disease and leads to motor disturbance, including dysarthria, and
deep brain stimulation hasadramatice ecton subcortical function. s
scenario presents a natural experimental setting for studying subcortical
e ects on two important components of speech, voice and uency. e
present study examines the e ects on speech of stimulatory intervention
in subcortical disease. Both spontaneous and repeated speech, obtained
under controlled conditions with and without stimulation states,
were analysed using listening studies, acoustic measures, and uency
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with the stimulators turned o  during separate testing sessions at least
one week apart. All recordings were made at least 12 h following the last
dose of PD medication.

Listening test

e listening test provided the rst measure in this study:
Intelligibility. e listening test, utilizing materials from the rst speech
sample (5 min of spontaneous speech), was designed so that repeated
and spontaneous utterances did not both appear to the same listener.
One hundred seventy utterances were randomized and presented
in each version. Two signi cant departures from the previous study
were introduced [37]: First, no linguistic support was provided in the
transcription exercise; listeners were instructed to transcribe each
entire excerpt. Secondly, a er adjusting the headphone volume to a
comfortable listening level for each listener, the playback was reduced
by 7.2 dB to mimic the lower volume of PD speakers [70,71]. irty
native English speakers (25 females, 5 males) served as listeners.  eir
mean age was 37.9 + 17 years and the mean education level was 16.1 + 2
years. All listeners were born and received their primary and secondary
school education in the USA. All research subjects provided informed
consent in accordance with the Helsinki declaration of 1975 (and as
revised in 1983).

Measures
Intelligibility and di

Listeners' performance was scored as the percentage of correctly
transcribed words. Di culty ratings on a scale from 1-5 were also
obtained for each speech sample.

culty

Acoustic analysis

Measures included the fundamental frequency (FO) mean and
coe cient of variation (CoVar; a measure of the variability in the
intonation contours) and the voice harmonic-to-noise (HNR) ratio.
HNR is a re ection of e ciency of vocal fold vibration as Itered
by the vocal tract in the form of periodic and aperiodic signals [72],
calculated over voiced portions of the excerpts. Other measures
were two indicants of vocal fold vibratory stability, jitter (frequency
perturbation) and shimmer (amplitude perturbation) using Praat [73].

ese analyses were performed on spontaneous and repeated excerpts,
the 60 s continuous phrase repetition task and the 2 min spontaneous
speech samples.

Fluency ratings

Two independent raters identi ed vowel distortions, consonant
substitutions and word and sound omissions derived from the
spontaneous and repeated excerpts, from the utterance repetition (Pop-
the-top-cop) task and the 2 min of spontaneous speech. Discrepancies
between raters were adjudicated by a third rater, all trained in speech
science and acoustic phonetics.

Results

Spontaneous VEersus repeated utterances

Intelligibility: In the listening study, fewer words were correctly
transcribed when the basal ganglia were stimulated [F (1,29)=9.462;
p=0.005]. When the two tasks, conversation and repetition, were
compared, fewer words were correctly transcribed from spontaneous
than repetition [F (1,29)=14.06; p=0.001]. ese two conditions,
stimulation state and task, interacted as well [F (1,29)=4.543; p=0.042].
Postdoc comparisons revealed that more words were correctly
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transcribed from repetition than from spontaneous speech during the
stimulated state [t (29)=-2.342; p=0.026] and duringthe o  state [t (29)=-
3.619; p=0.001]. In contrast, six percent fewer words were transcribed
from spontaneous speech with subthalamic nucleus stimulation on
compared to 0 [t (29)=3.098; p=0.007], but there was no stimulation
e ect on words transcribed during repetition (Figure 1).  ere was a
10% increase inthe di  culty ratings for transcriptions with stimulation
on compared to o [F (1,29)=4.374; p=0.045]. Transcriptions from
spontaneous speech were rated 11% more di cult than those from
repetitions [F (1,29)=23.416; p<0.001].  ese two conditions interacted
as well [F (1,29)=13.481; p=0.001]. Pairwise, the pattern of di culty
rating di erences re ected the pattern for intelligibility. Transcriptions
from spontaneous speech were rated more di  cult than transcriptions
from repetitions in the on [t (29)=5.937; p<0.001] and 0 [t (29)=2.435;
p=0.021] states. Transcriptions from spontaneous speech were also
rated as more di cult with stimulation on compared to o [t (29)=-
3.711;p
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p=0.032]. Further, there were a greater number of vowel distortions
with stimulation o compared to the on condition [F (1,54)=5.437;
p=0.023], implying insu cient articulatory posturing with stimulation
on (Figure 5).

Min spontaneous speech sample

Acoustic measures: On the second spontaneous speech sample,
mean FO increased 3.9% with stimulation on, comparable to the
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spontaneous speech measures based on a controlled cognitive-linguistic
contrast have not been successful; task-related di erences using reading
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