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Deep brain stimulation (DBS) has significant effects on motor symptoms in Parkinson’s
disease (PD), but existing studies on the effect of DBS on speech are rather
inconclusive. It is assumed that deficits in auditory-motor integration strongly contribute
to Parkinsonian speech pathology. The aim of the present study was to assess whether
subthalamic DBS can modulate these deficits. Twenty PD patients (15 male, 5 female;
62.4 + 6.7 years) with subthalamic DBS were exposed to pitch-shifted acoustic
feedback during vowel vocalization and subsequent listening. Voice and brain activity
were measured ON and OFF stimulation using magnetoencephalography (MEG). Vocal
responses and auditory evoked responses time locked to the onset of pitch-shifted
feedback were examined. A positive correlation between vocal response magnitude
and pitch variability was observed for both, stimulation ON and OFF (ON: r = 0.722,
p < 0.001, OFF: r = 0.746, p < 0.001). However, no differences of vocal responses to
pitch-shifted feedback between the stimulation conditions were found [t = —0.245,
p = 0.809, d = —0.055]. P200m amplitudes of event related fields (ERF) of left and
right auditory cortex (AC) and superior temporal gyrus (STG) were significantly larger
during listening [left AC P200m: F (1, 19) = 10.241, p = 0.005, f = 0.734; right STG
P200m: F, 19) = 8.393, p = 0.009, f = 0.664]. Subthalamic DBS appears to have
no substantial effect on vocal compensations, although it has been suggested that
auditory-motor integration deficits contribute to higher vocal response magnitudes in
pitch perturbation experiments with PD patients. Thus, DBS seems to be limited in
modulating auditory-motor integration of speech in PD.

Keywords: auditory feedback, subthalamic event related

magnetoencephalography (MEG), artifacts

nucleus, auditory cortex, fields,

INTRODUCTION

Deep brain stimulation (DBS) is known to have strong beneficial effects on motor symptoms
in Parkinson’s disease (PD) (1, 2). However, research on the effects of DBS on speech is rather
inconclusive and the effects seem to critically depend on unidentified individual factors (3, 4).
Untreated, up to 90% of PD patients develop severe speech or swallowing difficulties in the later
course of their disease (5). In particular, reduced voice volume (hypophonia) and monopitch
(hypoprosodia) are typically part of speech characteristics in PD (6).
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FIGURE 2 | All of the graphs show unfiltered averaged ERF for patient # 16 (stimulation ON). Middle: whole head unfiltered MEG channel overview with strong focal
artifact contamination in channels over the right skull. Channels that were selected to fit a dipole are marked red and shown in the top left- and right-hand corners
(MEG0233, MEG1343). Comparison of sensor level (red) and two different source localization approaches: dipole (orange) and LCMV beamforming (green). After
fitting the dipole, the source time series of its corresponding vertex in the LCMV beamformer source model was extracted (green). Dipole fitting was not part of the
analysis and only conducted in this patient for visualization purposes.

FIGURE 3 | Vocal fO response magnitude (A), Correlation between vocal fO response magnitude and fO baseline standard deviation (B), voice intensity (C), and voice
jitter (D) during stimulation OFF (orange) and ON (green).
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FIGURE 4 | Grand Averages (n = 20) of event related fields extracted as principal components from left AC (A) and left STG (B) time-locked to pitch-shifting onset,
listen (blue) vs. vocalization (red). Dashed lines represent standard deviations. Below: Boxplots of N100m and P200m amplitudes for each left AC and STG, listen (blue)
vs. vocalization (red). DBS ON and DBS OFF data was pooled for these figures. Asterisks mark significant (@ < 0.05) main effects of task between P200m amplitudes.

P200m amplitudes.
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FIGURE 5 | Grand Averages (n = 20) of event related fields extracted as principal components from right AC (A) and right STG (B) time-locked to pitch-shifting onset,
listen (blue) vs. vocalization (red). Dashed lines represent standard deviations. Below: Boxplots of N100m and P200m amplitudes for each right AC and STG, listen
(blue) vs. vocalization (red). DBS ON and DBS OFF data was pooled for these figures. Asterisks mark significant (@ < 0.05) main effects of task between N100m and
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However, when comparing P200m amplitudes between tasks
(vocal vs. listen), significant differences were observed [left AC
P200m: F(;, 1) = 10241, p = 0.005, f = 0.734; right STG
P200m: F(;, 19) = 8.393, p = 0.009, f = 0.664; Figures 4, 5].
Post-hoc paired t-tests revealed a significant difference between
tasks for P200m amplitudes over right and left STG and
AC, when the stimulation was ON [left AC: t(9) = 2.66,
p = 0015, d = 0.597; right STG t9) = 6.47, p = 0.006,
d = 0.689]. Thus, the left and right AC and STG P200m
amplitudes were larger in the listen task compared to the
vocal task. Additionally, the right STG showed a main effect
of task (vocal vs. listen) for the N100m amplitudes as well
[N100m: F(; 19y = 8.026, p = 0011, f = 0.650]. Post-hoc

testing revealed a difference between N100m amplitudes for
stimulation ON [t9) = —5.25, p = 0.009, d = —0.649].
RM-ANOVA evaluating latency differences between task and
stimulation conditions showed longer latencies for vocalization
than listening over left and right STG and AC as well as left
PMC [right AC: N100m: F(;, 19) = 9.069, p = 0.007, f = 0.691;
right STG: N100m: F(;, 19 = 11.210, p = 0.003, f = 0.768].
Post-hoc analysis revealed longer latencies of the right AC ERF
during vocalization, both for stimulation OFF and ON [OFF
listen vs. vocal: tj9y = —0.013, p = 0.044, d = —0.483; ON
listen vs. vocal: tj9p = —0.017, p = 0.019, d = —0.573].
The RM-ANOVA main effect results for all ROI and the post-
hoc paired t-test results are summarized in Tables 2, 3. ERF

TABLE 2 | RM-ANOVA results over all ROI of both hemispheres comparing N100m and P200m ERF amplitudes between the within-subject factors task (vocal vs. listen)

and stimulation (ON vs. OFF).

N100m and P200m amplitudes (RM-ANOVA results)

Left hemisphere

Right hemisphere

Region Task (vocal vs. listen) Stimulation (ON vs. OFF) Region Task (vocal vs. listen) Stimulation (ON vs. OFF)
AC N100m: F(T, 19) = 0.188, N100m: F(t 19) = 0.337, AC N100m: F(1, 19) = 0.032, N100m: /:(1v 19) = 0.298,
p =0.670, f = 0.099 p=0.568,f=0.133 p =0.860, f =0.045 p=0.591,f=0.123
P200m: F(4, 19 = 10.241, P200m: F(, 19y = 0.433, P200m: F(, 19y = 6.849, P200m: F4, 199 = 0.319,
p =0.005,f=0.734 p=0.518,f =0.151 p =0.017, f = 0.600 p=0.579,f=0.132
STG N100m: FU, 19) = 3.368, N100m: FU‘ 19) = 0.002, STG N100m: F(1. 19) = 8.026, N100m: F(1y 19) = 0.614,
p =0.082, f =0.421 p =0.969, f = 0.009 p =0.011, f = 0.650 p=0.443,f=0.179
P200m: F, 19) = 5.758, P200m: F(, 19 = 0.123, P200m: F(, 19y = 8.393, P200m: F, 19) = 0.187,
p =0.027, f = 0.551 p=0.729, f = 0.081 p =0.009, f = 0.664 p =0.670,f = 0.100
PMC N100m: F4, 199 = 1.199, N100m: F4, 19y = 1.095, PMC N100m: F4, 19 = 0.343, N100m: F4, 19 = 1.301,
p=0.287,f =0.251 p =0.309, f =0.240 p=0.565,f=0.135 p =0.268, f = 0.261
P200m: F(W\ 19 = 0.058, P200m: F(1. 19) = 0.481, P200m: F(«]y 19) = 5.825, P200m: FU’ 19 = 0.017,
p=0.821,f =0.053 p =0.497,f = 0.159 p =0.026, f = 0.554 p =0.897,f =0.032
IPL N100m: F4, 19y = 0.038, N100m: F4, 19 = 0.025, IPL N100m: F4, 19 = 0.086, N100m: F4, 19 = 1.724,
p=0.848,f =0.045 p =0.875,f = 0.036 p=0.772,f=0.071 p =0.205, f = 0.301
P200m: F(V 19) = 4.399, P200m: F(1Y 19) = 1.204, P200m: F(1Y 19) = 2.475, P200m: F(m 19) = 0.023,
p =0.050, f = 0.481 p =0.286, f =0.252 p =0.132, f = 0.360 p =0.882,f =0.032
Post-hoc tests Post-hoc tests
AC P200m  OFF listen — OFF vocal = 2.66, AC P200m OFF listen — OFF vocal = 4.12,
95%-Cl [-5.67, 10.98], p = 0.512, d = 0.149 95%-Cl [-1.15,9.40], p = 0.118, d = 0.366
ON listen — ON vocal = 13.28, ON listen — ON vocal = 5.63,
95%-Cl [2.98, 24.65], p = 0.015, d = 0.597 95%-Cl [1.59, 9.67], p = 0.009, d = 0.652
STG P200m  OFF listen — OFF vocal = 2.31, STG N100m  OFF listen — OFF vocal = —2.59,
95%-Cl [-2.04, 6.66], p = 0.280, d = 0.248 95%-Cl [-7.20, 2.01], p = 0.253, d = —0.263
ON listen — ON vocal = 6.14, ON listen — ON vocal = —5.25,
95%-Cl [0.53, 11.75], p = 0.034, d = 0.512 95%-Cl [-9.03, —1.46], p = 0.009, d = —0.649
STG P200m  OFF listen — OFF vocal = 4.086,
95%-Cl [-1.64, 9.77], p = 0.153, d = 0.333
ON listen — ON vocal = 6.47,
95%-Cl [2.08, 10.87], p = 0.006, d = 0.689
PMC P200m  OFF listen — OFF vocal = 2.96,

95%-Cl [-0.04, 5.96], p = 0.053, d = 0.462

ON listen — ON vocal = 1.61,
95%-Cl [-0.86, 4.08], p = 0.190, d = 0.305

Post-hoc paired t-test results are displayed in the lower parts of the table. Significant p-values (« < 0.05) in bold.
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amplitudes and latencies for all conditions are summarized in
Supplementary Tables 3, 4.

DISCUSSION

In this study, we investigated the effect of DBS on auditory-
motor integration of speech. While we could not find an
effect of subthalamic DBS on vocal compensation to pitch-
shifted feedback, there was a positive correlation between vocal
response magnitudes and pitch variability in both conditions.

In line with the behavioral findings, a difference between
ERF amplitudes, comparing ON and OFF stimulation, was
not observed. However, when looking at differences between
vocalization and listening, amplitudes were larger and latencies
shorter for listening over right and left AC and STG.

Auditory-Motor Integration Is Not
Modulated by DBS

Analyzing voice recordings in the stimulation ON and OFF
we found vocal response magnitudes opposing the downward

TABLE 3 | RM-ANOVA results over all ROI of both hemispheres comparing N100m and P200m ERF latencies between the within-subject factors task (vocal vs. listen)

and stimulation (ON vs. OFF).

N100m and P200m latencies (RM-ANOVA results)

Left hemisphere

Right hemisphere

Region Task (vocal vs. listen) Stimulation (ON vs. OFF) Region Task (vocal vs. listen) Stimulation (ON vs. OFF)
AC N100m: F4, 19y = 5.071, N100m: F4, 19y = 3.299, AC N100m: F4, 199 = 9.069, N100m: F(4, 19 = 0.192,
p =0.036,f=0.517 p =0.085,f=0.417 p = 0.007, f = 0.691 p =0.666, f =0.101
P200m: F(4, 19) = 0.363, P200m: F(4, 19y = 0.003, P200m: F(4, 19) = 3.044, P200m: F4, 19 = 0.359,
p=0.554,f=0.138 p=0.96,f=0.012 p =0.097, f = 0.400 p =0.556,f =0.139
STG N100m: Fi, 19 = 5.791, N100m: F1, 19 = 0.356, STG N100m: Fi1, 19 = 11.210, N100m: F1, 19 = 5.644,
p =0.026, f = 0.553 p=0.558,f=0.135 p =0.003, f = 0.768 p =0.028, f = 0.545
P200m: F4, 19) = 0.407, P200m: F, 19) = 0.681, P200m: F, 19y = 4.327 P200m: F, 19) = 7.852,
p=0.531,f=0.146 p=0.419,f=0.19 p=0.051,f=0.476 p =0.011,f = 0.642
PMC N100m: Fy, 19) = 4.984, N100m: F(4, 19 = 0.312, PMC N100m: Fy, 19) = 3.161, N100m: F(, 1g) = 0.002,
p =0.038, f =0.512 p=0.583,f=0.128 p =0.091, f = 0.408 p =0.967,f=0.010
P200m: Fjy, 19) = 0.001, P200m: Fjy, 19) = 0.324, P200m: Fyy, 19 = 2.050, P200m: Fj4, 19) = 0.972,
p=0.971,f =0.008 p=0.576,f=0.132 p=0.168,f = 0.328 p=0.337,f=0.227
IPL N100m: F4, 19y = 0.009, N100m: F(, 19y = 0.221, IPL N100m: F4, 19y = 4.630, N100m: F(4, 199 = 0.529,
p =0.925, f = 0.022 p=0.644,f=0.108 p =0.044, f = 0.494 p=0.476,f =0.167
P200m: F(4, 19) = 1.139, P200m: F(4, 19 = 0.008, P200m: F(4, 19) = 4.208, P200m: F, 19 = 1.139,
p=0.299,f=0.245 p =0.928, f = 0.021 p =0.054,f =0.470 p=0.299, f =0.246
Post-hoc tests Post-hoc tests
AC N100m OFF listen — OFF vocal = —0.021, AC N100m OFF listen — OFF vocal = —0.013,
95%-Cl [-0.036, —0.007], p = 0.007, d = —0.682 95%-Cl [-0.025, —0.0004], p = 0.044, d = —0.483
ON listen — ON vocal = —0.008, ON listen = ON vocal = —0.017,
95%-Cl [-0.028, —0.012], p = 0.421,d = —0.184 95%-Cl [-0.03, —0.003], p = 0.019, d = —0.573
STG N100m OFF listen — OFF vocal = —0.01, STG N100m OFF listen — OFF vocal = —0.013,
95%-Cl [-0.025, 0.004], p = 0.142, d = —0.343 95%-Cl [-0.026, 0.001], p = 0.068, d = —0.432
ON listen — ON vocal = —0.026,
95%-Cl [-0.046, —0.007], p = 0.010, d = —0.635
ON listen = ON vocal = —0.013, OFF listen — ON listen = —0.001,
95%-Cl [-0.026, 0], p = 0.058, d = —0.452 95%-Cl [-0.014, 0.012], p = 0.856, d = —0.041
OFF vocal — ON vocal = —0.015,
95%-Cl [-0.029, —0.001], p = 0.037, d = —0.500
PMC N100m OFF listen — OFF vocal = —0.008, STG P200m OFF listen — ON listen = —0.009,
95%-Cl [-0.027, 0.01], p = 0.364, d = —0.208 95%-Cl [-0.03, 0.012], p = 0.397, d = —0.194
ON listen — ON vocal = —0.018, OFF vocal = ON vocal = —0.023,
95%-Cl [-0.033, —0.003], p = 0.024, d = —0.548 95%-Cl [-0.041, —0.005], p = 0.013, d = —0.614
IPL N100m OFF listen — OFF vocal = —0.013,

95%-Cl [-0.028, 0.002], p = 0.095, d = —0.393

ON listen — ON vocal = —0.013,
95%-Cl [-0.08, 0.004], p = 0.122, d = —0.362

Post-hoc paired t-test results are displayed in the lower parts of the table. Significant p-values (« < 0.05) in bold.
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pitch-shifted feedback of about 424 cents, which is similar to
results of earlier studies with this experimental design (12, 13).
In addition, we could replicate the positive correlation between
vocal response magnitude and pitch variability (12, 13). This
means, the stronger a patient compensated to pitch-shifted
feedback, the larger was their own vocal pitch variability. This
observation tallies with earlier work and is probably related
to deficits in the mechanisms of auditory-motor integration,
as it was only observed in patients (12, 13). Noteworthy, the
positive correlation of these two parameters—f0 response and
f0 variability—was similar with DBS ON and OFF (Figure 3B).
This suggests that the deficits underlying this relation were not
modulated by subthalamic DBS. The fact that we could not find
a difference between vocal responses in the stimulation ON vs.
OFF supports this notion further.

In a recent study, subthalamic DBS was shown to attenuate
compensating vocal response magnitudes to pitch-shifted
feedback and also improved voice jitter (4). However, these
results were solely based on 10 PD patients. Earlier work
already suggested that DBS effects on acoustic parameters are
highly individual (3). Thus, Skodda et al. could only find
tendencies of amelioration of pitch variability and concluded
that DBS effects on Parkinsonian speech differ considerably
between patients. With the present findings based on 20
PD patients, we neither observed an effect on vocal nor
neurophysiological responses. Additionally, we could not identify
any clinical or acoustical parameter predicting individual
performances. Thus, DBS might have critical limitations when
it comes to influencing the modulation of speech in PD.
One parameter, which we did not include in our analysis,
however, is electrode placement. A recent study demonstrated
that electrode placement in the anterior portion of the STN
was associated with an improvement of voice-related outcomes
in PD patients (36). Future studies investigating larger patient
samples should assess, whether differences in individual speech
performance and modulation of speech can be explained by the
electrode location.

Vocalization Induced Suppression

In accordance with our behavioral findings, we could not see
a significant difference between ERF amplitudes, comparing
ON and OFF stimulation. Still, the ERF amplitudes were
larger in the listen task than in the vocal task over the
right and left AC and STG (Figures 4, 5). These results seem
to contradict earlier findings, where a so-called vocalization-
induced enhancement of P200 amplitudes was reported for
healthy individuals and was even augmented in PD (13, 18).
Within a previous EEG experiment, the P200 response for the
vocalization task was increased over the Cz electrode (13).
The P200 peak for the vocalization task was followed by a
sustained amplitude plateau. This plateau might be interpreted
as a P300 component combined with an enhanced P200
response. However, MEG normally fails to represent magnetic
field P300 equivalents due to the deep localization of their
generators (37). Indeed, a MEG study examining vocalization-
induced enhancement in 11 healthy individuals could not find
an enlargement of P200m amplitudes as clear as in the EEG

experiment (19). To solve the issue of limited comparability
between MEG and EEG findings, experiments focusing on late
auditory potentials should probably rather be conducted with
high-density EEG measurements or a combination of EEG
and MEG.

Since we assessed responses to pitch changes in self-generated
speech and P200 changes in PD relate to a left-lateralized
network (13), we expected changes to be localized mainly to
the left hemisphere. Indeed, amplitudes appeared to be higher
in the left hemisphere (Figure 4). However, when comparing
effect sizes of left and right STG, there is a stronger main
effect of task (vocal vs. listen) for the right STG [right STG:
P200m: F(;, 19) = 8.393, p = 0.009, f = 0.664; left STG: P200m:
Fq,19) = 5.758, p = 0.027, f = 0.551]. Additionally, there is
robust evidence concerning vocalization-induced suppression,
especially for N100m amplitudes, probably reflecting auditory
cortex sensitivity to self-generated sounds (18, 19, 38). The
right AC is known to be especially sensitive to the spectral
dimension of sound (39). In line with these observations,
N100m amplitudes were suppressed during vocalization at
the right STG (Figure4). Similarly, N100m latencies were
longer during vocalization at left and right AC and STG
as well as left PMC, which has been described before
(13, 38).

DBS Artifacts

Measuring brain activity during active DBS using MEG is an
emerging field of research (40). As DBS-MEG recordings are
associated with more or less severe artifacts, the use of artifact
reduction methods is most often necessary (30, 41). In case it
is not necessary, however, these methods should not be applied
because they bear the risk of altering brain signals, e.g., amplitude
reduction (30). Here, we investigated ERF, which are comparably
robust to DBS artifacts (Figure1). Moreover, using LCMV
beamforming, we reduced artifacts caused by the movement
of ferromagnetic DBS components additionally (32) (Figure 2).
Due to the fact that the source level DBS ON data revealed similar
ERFs as DBS OFF data, we can assume that the stimulation
artifact itself was sufficiently reduced with that approach. These
findings might therefore facilitate and pave the way for further
investigations on ERFs during DBS to better understand the
cortical effects of DBS. The use of recent more noise-resistant
SQUIDs in newer MEG systems might even further improve data
quality in future combined MEG-DBS-studies.

CONCLUSION

Auditory-motor deficits play an important role for Parkinsonian
speech pathology and are represented by strong pitch
compensations to pitch-shifted auditory feedback correlating
with pitch variability. Subthalamic DBS appears not to modulate
these compensations in PD and therefore seems to have
no substantial effect on the auditory-motor integration of
speech. Moreover, we were able to demonstrate that it is
possible to explore auditory ERFs in DBS patients using LCMV
beamforming without additional artifact reduction methods.
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