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Anterior Sensorimotor Subthalamic Nucleus
Stimulation Is Associated With Improved Voice

Function

BACKGROUND: Despite the impact of Parkinson disease (PD) on speech communication,
there is no consensus regarding the effect of lead location on voice-related outcomes in
subthalamic nucleus (STN) deep brain stimulation (DBS).

OBJECTIVE: To determine the relationship of stimulation location to changes in cepstral
analyses of voice following STN DBS.

METHODS: Speech pathology evaluations were obtained from 14 PD subjects, before
and after STN DBS, including audio-perceptual voice ratings (overall severity, loudness,
hoarseness changes), measured indices of dysphonia (cepstral peak prominence and
cepstral spectral index of dysphonia), and phonatory aerodynamics. The contact locations
used for active stimulation at the time of postoperative voice evaluations were determined
and assessed in relation to voice outcomes.

RESULTS: Voice outcomes remained relatively unchanged on average. Stimulation
locations in the anterior portion of the sensorimotor region of the left STN, however,
were associated with improvements in voice severity scores, cepstral spectral index of
dysphonia, shortness of breath, and phonatory airflow during connected speech. Posterior
locations were associated with worsening of these outcomes. Variation in the medial-
lateral or dorsal-ventral position on the left, and in any direction on the right, did not
correlate with any voice outcome.

CONCLUSION: Active contact placement within the anterior sensorimotor STN was
associated with improved perceptual and acoustic-aerodynamic voice-related outcomes.
These findings suggest an STN topography for improving airflow for speech, in turn

improving how PD patients’ voices sound.
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peech communication often becomes
a struggle for patents with Parkinson
disease (PD). Advanced stages of PD

ABBREVIATIONS: ADSV, Analysis of Dysphonia in
Speech and Voice; Cl, confidence interval; CAPE-V,
Consensus Auditory Perceptual Evaluation-V; CPP,
cepstral peak prominence; CSID, cepstral spectral
index of dysphonia; CT, computed tomography;
DBS, deep brain stimulation; IQR, interquartile
range; LEDD, levodopa equivalent daily dose; MRI,
magnetic resonance imaging; PD, Parkinson disease;
SLP, speech-language pathologist; SOB, shortness
of breath; SPL, sound pressure level; STN, subtha-
lamic nucleus; UPDRS, Unified Parkinson’s Disease
Rating Scale; VAS, visual analog scale
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often are marked by hypophonia, a breathy and
harsh voice quality, and unintelligible speech,
ultimately resulting in worsening or total lack
of ability for verbal communication.! In fact,
approximately 90% of patients with PD have
been shown to develop a specific motor speech
disorder, hypokinetic dysarthria, which presents
as various deficits in fluency, phonation, artic-
ulation, and prosody.>®> There is no consensus,
however, for how stimulation location within
target structures affects voice-related outcomes
in deep brain stimulation (DBS).

Previous studies have reported variable
relationships between stimulation location and
voice and speech-related function, including

worsening  postoperative  dysarthria, and
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decreases in both syllable repetition rates and verbal fluency.®!!

Some investigators have proposed that there is a necessary trade-
off between motor, speech and neuropsychological outcomes,
with respect to lead location in the subthalamic nucleus
(STN).'%12 An alternate view is that an improved understanding
of functional subterritories may allow for differential modulation
of separate behaviors that are mediated in part by the STN. In
this light, understanding the millimetric location effects of STN
stimulation is important when targeting voice dysfunction during
preoperative planning,? especially given that voice and speech
deficits significantly impact patients’ self-identity and social
functioning.'**!® Thus, we investigated whether the position of
active stimulation within the STN was associated with perceptual
and acoustic-aerodynamic measures of voice function.

METHODS

Participants and Surgery

For approximately the past 3 yr, all movement disorders patients
in our DBS program have been encouraged to undergo voice evalu-
ation preoperatively and at 6 mo postoperatively. Under an Institutional
Review Board-approved protocol and patient consent, a retrospective
review was performed on all DBS subjects who underwent STN DBS
between September 2015 and September 2018 (n = 54), to identify
those having STN implantation and both pre- and postoperative voice
evaluations. The STN was targeted using standard clinical techniques for
STN DBS in ecither awake, microelectrode-guided surgery (n = 12),14
or asleep, interventional magnetic resonance imaging (MRI)-guided
surgery (n = 2).'1¢ All patients underwent bilateral simultaneous
implantation, with the left side always being the first side implanted.
Preoperative Unified Parkinsons Disease Rating Scale (UPDRS) III
scores, including speech subscores, were obtained by certified movement
disorders specialists, and levodopa equivalent daily doses (LEDD) were
calculated."”

Voice Pathology Evaluations

A fellowship trained laryngologist and voice specialized speech-
language pathologist (SLP) evaluated vocal function in patients with PD
before and after DBS surgery. Audio-perceptual voice evaluation using an
ordinal scale of 0 (normal), 1 (slight degree of abnormality), 2 (medium
degree of abnormality), 3 (high degree of abnormality) was used for the
following parameters: roughness, breathiness, strain, pitch low and pitch
high, loudness (soft and loud), and hoarseness. Subjective ratings of vocal
quality severity were completed using standard procedures in SLP, which
do not include clear cutoff values.'® Overall severity of voice pathology
was measured via a visual analog scale (VAS).!” The VAS ranges from 0
to 100, and lower scores are correlated with normal voice.?° Additionally,
a patient assessment of vocal effort and shortness of breath (SOB) during
speech was made using a VAS.

Acoustic and aerodynamic voice measures were also obtained pre-
and postoperatively by SLPs as part of routine clinical care. Patients
produced a sustained/a/and read the sentence “We were away a year
ago” from the Consensus Auditory Perceptual Evaluation-V (CAPE-
V) protocol, with recordings completed via Analysis of Dysphonia
in Speech and Voice (ADSV: KayPENTAX, Montvale, New Jersey).

Connected speech samples were screened for extraneous background
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noise and disfluencies in reading; only samples with subjectively quiet
background noise were included for analysis. Acoustic parameters of
voice included the following: cepstral peak prominence (CPP), CPP
fundamental frequency FO, and cepstral spectral index of dysphonia
(CSID) (sustained vowel/a/and connected speech “we were away a year
ago”). CPP is the Fourier transform of the voice spectrum measuring
dysphonia severity, where changes of ~2 dB are considered to be
significant and increased values indicate improvement. CPP FO is the
mean fundamental frequency, which typically falls between 60 and
200 Hz. CSID is a multifactorial estimate of dysphonia severity, where a
change of 20 units is considered significant and decreased values indicate
improvement in dysphonia.'-*}

Phonatory aerodynamics in connected speech®® was elicited using
the Rainbow Passage.”> Aerodynamic measures were collected using the
Phonatory Aerodynamic System 6600 (PAS 6600, KayPENTAX) in
accordance with the previously described protocol by Gartner-Schmidt
et al.?® The following aerodynamic measures were taken from the reading
passage: number of breaths taken, duration of reading passage, mean
dB sound pressure level (SPL), mean fundamental frequency, and mean
phonatory airflow (total volume of airflow during voicing divided by
time, a surrogate for respiratory drive).

Active Contact Localization

Contact locations were determined using the open-source Lead-DBS
platform.”” Raw pre and postoperative DICOM images were coregis-
tered using hybrid SPM and ANTs algorithms and then normalized to
the ICMB 152 Nonlinear 2009b template. Leads were first localized
automatically using the TRAC/CORE algorithm for postoperative MRI
(n = 7) or PACER if postoperative computed tomography (CT) was
available (n = 7) and then visually adjusted as needed.”” Coordinates in
MNI space were recorded, and the origin was translated to the centroid
of the sensory-motor STN as defined by the DISTAL Atlas.”® The
stimulation parameters (ie, voltage, current, frequency, pulse width, and
active contacts) recorded during the movement disorders clinic visit that
immediately preceded the postoperative voice evaluation were obtained
by the chart review. The active contact location was translated to MNI
coordinate space; for monopolar settings, the centroid of the active
contact lead was used, and for bipolar settings the centroid between the
2 active contact leads was used.

Statistical Analysis

Nonparametric Mann-Whitney tests were used to compare pre- and
postoperative LEDD, UPDRS scores, auditory-perceptual, acoustic, and
aerodynamic changes in voice, with P-values <.05 considered signif-
icant and with all results corrected for multiple comparisons using the
false discovery rate method. To explore the relationship between active
contact and voice outcomes, we fitted a linear regression model and calcu-
lated Pearson’s correlation coefficients with their corresponding 95%
CI. Computational and statistical analyses were performed in MATLAB
(Mathworks, Natick, Massachusetts) and R (R Foundation, Vienna,
Austria).

RESULTS

DBS Patient Characteristics

A total of 14 patients (13 male, 1 female; mean age = 72 +
5 yr) were identified who underwent STN DBS and received
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TABLE 1. Clinical Characteristics

TABLE 2. Change in voice measures across the cohort

Preoperative values Postoperative values

Preoperative Postoperative

n Mean(SD) Range n Mean (SD) Range
LEDD (mg)* 14 1045 (646) 300-2946 14 549(389) 0-1630
UPDRS I
Off meds 13 38 (12) 19-62 n/a n/a n/a
Speech 13 1.1(0.6) 0-2 n/a n/a n/a
On meds 13 21(8.5) 11-39 5 17 (9.6) 8-33
Speech 13 1(0.7) 0-2 5 0.5(0.6) 0-1
Stimulation
L Frequency - - - 14 152 (17) 130-174
L Voltage - - - 14 2.82(0.64) 15-3.6
L Pulse width - - - 14 58.5(5.5) 40-60
R Frequency - = = 14 151 (16) 125-180
R Voltage - - - 14 233(071) 1.6-3.8
R Pulse Width - - - 14 654(112) 60-90

*P < .05and n/a = not available.

both pre- and postoperative voice evaluations, all of whom
underwent simultaneous bilateral implanted lead implantation
(Medtronic, model 3389: n = 11, St. Jude, model 6172: n = 2
and Boston Scientific, Vercise: n = 1). All patients reported
dysphonia symptoms consistent with the diagnosis of hypokinetic
dysarthria (n = 14), with some patients displaying concurrent
voice diagnoses such as primary muscle tension dysphonia (n = 2)
and vocal fold atrophy (n = 7). Postoperative UPDRS scores were
available for only 5 patients, and only from the on-medication
state; the mean values are reported for these patients, along
with mean pre- and postoperative LEDD for all patients, in
Table 1. As expected, LEDD was significantly reduced by STN
DBS (P < .05).

Voice Outcomes

In the overall cohort, perceived overall severity of voice
quality improved by a median of —6/100 (interquartile range
[IQR] —16.5 to 20) at the time of postoperative evalu-
ation (median follow-up = 7 mo, range 6-35 mo). Eight
patients improved by a median of —12/100 (IQR —20 to —6)
points, while 5 patients worsened by a median of 18/100 (14
to 28) points and 1 patient’s voice quality was unchanged.
There were no significant differences, however, between mean
pre- and postoperative voice severity scores (average preoper-
ative severity = 31.0 £ 16.6 points, average postoperative
severity = 30.8 £+ 16.9 points, P = .95), when stimulation
location was not considered.

Audio-perceptual voice evaluations of roughness, breathiness,
strain, low pitch, high pitch, loudness (soft and loud), and
hoarseness are shown in Table 2. Low pitch was the only
perceptual outcome that worsened significantly after surgery.
Acoustic measures of voice and phonatory aerodynamics in
connected speech are also shown in Table 2. There were no signif-
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Mean (SD) Mean (SD) P
Perceptual measures
Roughness 0.6 (0.5) 0.9 (0.5) 179
Breathiness 0.4 (0.6) 0.4 (0.5) .822
Strain 0.1(0.3) 0.1(0.4) 577
Low pitch 0.1(0.3) 0.4(0.5) .035
High pitch 0.5(0.8) 0.1(0.3) .067
Loudness 0.8 (0.7) 0.6 (0.5) 452
Hoarseness 0.2 (0.6) 0.6 (0.8) 112
Acoustic measures
CPP vowel (dB) 10.6 (2.2) 9.8 (2.5) 308
CSID vowel 25.6 (29.6) 25.8 (14.7) 332
CPP speech (dB) 7.7 (1.3) 73(1.3) 510
CPP FO (dB) 137.1(21.5) 139.4 (18.7) 752
CSID speech 8.3(13.1) 3.0(17.8) 174
Passage reading
Quantity of breaths 6.6 (3.1) 6.2 (2.5) .859
Duration (seconds) 25.8 (7.0) 26.5(8.3) .990
Mean SPL (dB) 72.5(5.6) 68.8 (4.9) 139
Mean pitch (Hz) 134.2 (23.7) 138.2 (20.7) .681
Mean pitch range (Hz) 157.3(89.2) 114.6 (66.9) 213
Mean phonatory airflow  155.0 (72.6) 171.8 (79.1) 283

(mL/s)

CPP = cepstral peak prominence, CSID = cepstral spectral index of dysphonia,
FO = fundamental frequency, SPL = sound pressure level.

icant differences between pre- and postoperative measures, when
stimulation location was not considered.

Stimulation Location

All 14 lead pairs were localized successfully using Lead-DBS
(Figure 1A).”” To facilitate visualization, the 3 most anterior
and 3 most posterior contacts are shown in Figure 1B, along
with the 3 functional STN subdivisions, as defined by the
DISTAL Atlas?®: limbic, associative, and motor. All left-sided
active contact locations projected onto an axial plane at —4 mm
in the anterior/posterior commissure coordinate system are shown
in Figure 2A and active contact locations with respect to the STN
are show in Figure 2B. Note that for one patient, the left lead was
turned off due to a lack of right-side symptomology and therefore
is not plotted in Figure 2B.

When a linear regression model was used to evaluate the
relationship between active contact location and voice metrics,
we observed several location-dependent changes between pre-
and postoperative values. Change in severity (ie, the difference
between pre and postoperative scores, in a 100-point scale) was
correlated with the anterior-posterior coordinate of the subtha-
lamic left active contact (rho = —0.592, CI = —0.862 to
—0.062, P=.032, Figure 3A). This location-outcome correlation
implied that the anterior-posterior contact location accounted
for approximately a 40% change in voice severity. CSID was
also significantly associated with anterior-posterior stimulation
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Anterior

FIGURE 1. Representation of lead locations in MNI space. A, 3D reconstruction of all leads in common atlas space. B, Visualization of
selected leads in the left subthalamic nucleus (blue: 3 most anterior; orange: 3 most posterior).
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FIGURE2. Representation of stimulation locations in MINI space. A, T2-weigthed axial reconstruction with active contacts (*) plotted on the left subthalamic
nucleus. B, Left subthalamic nucleus active contacts in 3-dimensional group space (black circles).

location (tho = —0.598, CI = —0.872 to —0.0371, P = .039,
Figure 3B). In addition, speech-associated change in SOB ona 10-
point scale was correlated with the anterior-posterior stimulation
location (Figure 3C, rtho = —0.598, CI = —0.872 to —0.0371,

NEUROSURGERY

P = .039), as was change in phonatory airflow (Figure 3D,
rho = 0.775, CI = 0.284 to 0.944, P = .008). Neither CSID
in speech nor any other acoustic measure of voice or other
perceptual outcome showed a location-dependent change. No
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FIGURE 3. A-D, Stimulation location-dependent effects on voice. Target symbol at O mm represents the motor subthalamic
nucleus centroid. AU: arbitrary units, CSID: cepstral spectral index of dysphonia.

other phonatory aerodynamic changes were significant. No voice
outcome was independently associated with stimulation voltage,
frequency or pulse width.

Evaluating contact positions in group space can be challenging,
given the variation of individual patient STN anatomy. To under-
stand whether contacts that appeared to border the lateral STN
in group space might contribute to worsening voice function due
to stimulation of internal capsule fibers, we examined whether
position of the active contact was associated with a lower threshold
for capsular side effects during initial programming. There was no
association between lead positions in the medial-lateral plane with
thresholds for a capsular side effect during initial programming,
suggesting that capsular effects were not responsible for worsening
voice function. Finally, we calculated the Euclidean distance (ie,
absolute distance) between the center of the left motor STN and
each of the left active contact locations and repeated it for the right
side. We then compared the variance of the absolute distances
between the right side and the left side (analysis of variance,
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F(1,24) = 1.51, P = .23). We found that there is no significant
difference between the variance of left and right contact locations.

DISCUSSION

For the past several years, we have included formal preoper-
ative and postoperative voice evaluations as standard components
of our movement disorders DBS program. Unlike neuropsy-
chological testing, we do not require voice evaluation prior to
surgery; similar to neuropsychological testing, however, patients
who do well postoperatively often fail to return for postoperative
evaluation. Nonetheless, complete speech pathology data from
14 patients were available for this study. Changes in both
perceptual and acoustic-acrodynamic measures of voice were
correlated with the site of stimulation, as mapped into common
STN space using a state-of-the-art atlas that defines the STN on a
multimodal high-resolution brain template. We found that stimu-
lation locations in the anterior portion of the sensorimotor region

www.neurosurgery-online.com



of the left, but not right, STN were associated with improvements
in voice severity scores, cepstral spectral index of dysphonia scores,
SOB, and phonatory airflow during connected speech.

Of note, patients did not experience a significant change in
several subjective and objective voice measures following STN
DBS, on average, when stimulation location was not taken into
consideration. For example, the median improvement in voice
severity ratings was —7 points on a scale of 100 points, a change
regarded as not clinically significant. These findings match well
with reported trends,””** including a recent study reporting
no significant changes in multiple perceptual speech scores and
acoustic analyses.”” Similarly, stimulation location within the
STN vs above the STN previously was not shown to account
for changes in SPL acoustic measures.” Thus, incorporating the
active contact location (derived from Lead-DBS, a sophisticated
platform for representing DBS contacts in high-resolution group
space) into a linear regression model allowed us to elucidate a
topography for voice outcomes that would otherwise have gone
unobserved.

Perceptual Measures of Voice

When accounting for the location of the active contact,
we discovered a significant linear relationship between voice
outcomes and left anterior-posterior position within the left STN.
Voice severity improved with anterior subthalamic locations and
worsened with posterior subthalamic locations. Although voice
severity scores measure vocal quality and not articulation, our
data generally support previous findings related to articulation
outcomes (eg, intelligibility), where worsening speech intelli-
gibility was reported in 2 patients with more posterior STN
electrodes (10 patient cohort). In that study, however, other
locations were neither definitively localized nor associated with
speech intelligibility improvement.” A similar study reported
intelligibility worsening of about 31% with more posterior
STN locations; however, electrode locations included contacts
slightly outside the STN.?! In our case, we observed a signif-
icant clinical improvement in voice severity of about 40%
when comparing the most anterior to most posterior stimulation
locations. Importantly, no previous studies of DBS effects on
voice, to our knowledge, have employed normalization of active
contact locations in 3-dimensional space.

Cepstral Voice Measures

We also discovered a relationship between cepstral measures
of voice function and anterior-posterior position of the active
contact location within the left STN. Cepstral analyses involve
the power spectrum of the logarithm of the power spectrum
of the acoustic signal and are used to determine the funda-
mental frequency of human speech. Acoustic analyses such as
CPP and CSID are both indices intended to capture dysphonia
severity.??*3> The CPP and CSID values reported from our cohort
are well within previously reported ranges for PD patients,’® but
no previous studies have evaluated the effects of DBS on cepstral
voice measures. After STN DBS, we found that worsening CSID
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scores were correlated with posterior stimulation locations. In
contrast, CPP was not correlated to stimulation location, possibly
due to the fact that it is a simple frequency measure,®* whereas
CSID, a multiparameter model, is able to capture more complex
relationships. For instance, a recent study in PD patients reported
no significant change in CPP with medication ON vs OFE?
We note that frequency-based voice measures, such as CSID and
CPD, are voice-disorder dependent, and thus not all dysphonia
measures may be relevant for each patient.??

Aerodynamic Voice Measures

In addition, we found a linear relationship between
improvement in SOB during speech and anterior-posterior
left STN contact location. Mean phonatory airflow and STN
contact location followed a similar trend, and improvements in
both outcomes were observed with more anterior STN locations.
It is well known that patients with PD are hypophonic, have a
decreased respiratory drive, and show a decrease expelled lung
volume per syllable when compared to controls.*® Moreover,
studies have reported that STN DBS can affect respiratory
drive.” Therefore, it is meaningful that an improvement in both
sound and phonatory airflow corresponds to the same electrode
location. The fact that both phonatory airflow measures and
CSID scores increased with more anterior locations indicates that
improved airflow for speech may have allowed the improvement
in how patients sound (CSID). In fact, both vocal severity and
CSID are related to regular vocal fold vibration, which is fueled
by adequate respiratory drive. It is possible that improvements
in respiratory drive are mediated by a more anterior electrode
location, leading to improved sound quality in those patients.
These results need to be verified in a larger number of subjects,
but offer a clue into factors affecting voice after DBS.

Functional Anatomy

Many studies have demonstrated changes in speech/voice
behavior because of DBS; however, the underlying mechanism
is poorly understood. Multiple theories have been postulated in
regard to voice changes after subthalamic stimulation, including
spread of stimulation to surrounding structures, a functionally
relevant somatotopy within the STN, or simply altered skeletal
motor function in line with overall motor responses.” Spread of
the electrical field to adjacent structures, such as corticobulbar
or internal capsule fibers, has been suggested to result in speech
impairments,”® by affecting laryngeal muscle, lip, and tongue
circuits via stimulation that is too lateral to the STN target.40’42
Tsuboi et al studied electrode location and voice outcomes but
found conflicting results with lateral STN implants (with this
location correlating with both worsening and improvement in
voice outcomes depending on patient characteristics) which they
explained as spread of electrical field to surrounding internal
capsule or corticobulbar structures.” These previous results,
however, do not explain the within STN location dependence of
our findings.
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Other studies have suggested an STN somatotopy where
speech-related musculature is represented toward the middle of
the STN in PD patients.”> In this case, our anterior electrodes
may be stimulating regions controlling truncal speech muscu-
lature in a manner that improves voice function, consistent
with the idea that improvements in respiratory drive contribute
to the presented results. Moreover, posterior locations have
been implicated in hypophonic speech,** which aligns with
our results of worsened voice outcomes with posterior STN
stimulation locations. Interestingly, none of the outcomes were
associated with stimulation location within the right STN,
in agreement with previous STN darta,>"*> demonstrating left
language dominance at the level of basal ganglia participation in
speech motor control.

Limitations

Perceptual evaluations were prone to intersubject variability,
and subjective observations were taken by different raters.
Acoustic measures of voice and phonatory aerodynamics in
connected speech were measured once before and once after
surgery, but these measures can vary depending on multiple
factors. Finally, the software used to normalized patient’s anatomy
and localize leads is sensitive to patient imaging variations and has
a reported mean Euclidean distance when comparing the same
contacts using MRI and CT imaging in the order of 0.66 +
0.43 mm.”’

CONCLUSION

This study is the first to include cepstral analyses and state-
of-the-art atlas registration to study voice outcomes following
DBS. These data suggest that perceptual, cepstral, and aerody-
namic improvements in voice function co-localize to stimulation
locations within the anterior sensorimotor region of the left STN.
The laterality specificity of these effects is intriguing and warrants
further investigation.
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