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Early auditory responses to speech 
sounds in Parkinson’s disease: 
preliminary data
Fatemeh Mollaei1*, Douglas M. Shiller2,4,5, Shari R. Baum2,3 & Vincent L. Gracco2,3,6

Parkinson’s disease (PD), as a manifestation of basal ganglia dysfunction, is associated with a number 
of speech deficits, including reduced voice modulation and vocal output. Interestingly, previous 
work has shown that participants with PD show an increased feedback-driven motor response to 
unexpected fundamental frequency perturbations during speech production, and a heightened ability 
to detect differences in vocal pitch relative to control participants. Here, we explored one possible 
contributor to these enhanced responses. We recorded the frequency-following auditory brainstem 
response (FFR) to repetitions of the speech syllable [da] in PD and control participants. Participants 
with PD displayed a larger amplitude FFR related to the fundamental frequency of speech stimuli 
relative to the control group. The current preliminary results suggest the dysfunction of the basal 
ganglia in PD contributes to the early stage of auditory processing and may reflect one component of 
a broader sensorimotor processing impairment associated with the disease.

Parkinson’s disease (PD), a manifestation of basal ganglia (BG) dysfunction, is associated with a number of 
speech production deficits in prosody, phonation and articulation, with phonation and laryngeal deficits the 
most  prominent1–5. In addition to speech motor symptoms, auditory perceptual deficits ranging from self-
monitoring to discrimination have been reported in  PD5–7. Interestingly, it is during the monitoring of their 
own speech that PD participants often show the greatest differences from unimpaired  speakers3,8,9. A common 
interpretation is that when individuals with PD are asked to produce speech with normal loudness (as judged 
by a speech-language pathologist), they perceive themselves as shouting or producing abnormally loud  speech8. 
In addition, while listening at a given distance from a loudspeaker, individuals with PD estimated the loudness 
level to be significantly greater than that estimated by healthy control  participants2.

These perceptual/sensory differences and their relationship with the speech motor output deficits of PD 
have been examined in several recent studies. In response to alterations in auditory feedback during speech, PD 
participants display an interesting characteristic. When faced with feedback consistent with a misplaced tongue 
position for a specific vowel (change in first formant frequency of vowel), PD participants exhibit reduced com-
pensation compared to age-matched control  participants10, consistent with a weaker motor response. In contrast, 
when faced with feedback consistent with a change in fundamental frequency (fo, voice pitch), PD participants 
exhibit increased compensation to the feedback  shift10–13. An increased response to voice pitch shifts has also 
been observed in participants with Alzheimer’s  disease14,15 and cerebellar  degeneration16. In a recent study, we 
demonstrated that the increased response to a change in voice pitch is accompanied also by increased sensitiv-
ity in detecting pitch alterations during auditory feedback monitoring in participants with  PD4. Pitch feedback 
manipulations were presented under conditions of production and listening. In the production condition, par-
ticipants’ vocal pitch was shifted, and participants judged whether their speech output had been manipulated in 
real-time; participants’ responses to pitch shift change were simultaneously recorded. During the listening task, 
participants judged whether paired tokens of their previously recorded speech samples were the same or differ-
ent. Under the production condition, the ability of participants with PD to identify the pitch shift was greater 
than that of the controls, with a trend for better detection during the listening  condition4. Interestingly, in a 
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parallel experiment, detection accuracy of first formant shifts was reduced in individuals with PD only during 
the listening  condition4.

At the neural level, electrophysiological recordings in response to voice pitch shifts yielded larger event 
related potentials in the inferior frontal gyrus, precentral gyrus, postcentral gyrus, and middle temporal gyrus 
in PD  participants12. While the results suggest cortical involvement in the enhanced pitch shift response, there 
are also reports in the literature to suggest involvement at the level of the brainstem for auditory processing in 
PD  participants17–19. The brainstem, including the cochlear nuclei, the superior olivary complex, and the inferior 
colliculus of the midbrain comprise the auditory pathway to auditory cortical areas, with processing at each 
 level20. The main focus of the current investigation was to evaluate the brainstem involvement in the processing 
of complex speech sounds in relation to the speech motor deficits in PD.

The auditory brainstem response (ABR) is an auditory evoked neural potential that provides a window into 
top–down and bottom–up processing of sensory information through the efferent and afferent projections of 
cortex, brainstem, and BG. Scalp-recorded auditory brainstem responses to complex sounds such as vowels 
include transient and sustained components that represent certain critical acoustic properties of speech  stimuli21. 
Some of the acoustic properties of speech including pitch and formant frequencies are closely reflected within 
a component of the ABR (sustained response) known as the frequency-following response (FFR). The FFR 
reflects sustained electrical potentials that are precisely phase-locked to neuronal firing with an upper limit of 
about 1000 Hz in response to low to middle frequency periodic acoustic stimuli. Consequently, the FFR dem-
onstrates a robust representation of time-varying fo and harmonics corresponding to the pitch and first formant 
frequency (F1) of the vowel (21,22 for a review refer  to23). Measures that are derived from the FFR response, such 
as amplitude and latency, represent a mapping between the auditory stimulus and the neural activity, which 
may be modified due to changes associated with disease (e.g., autism spectrum disorders, and mild cognitive 
 impairment24,25) or exposure to auditory stimulation (e.g., music, and  bilingualism26,27). Specific regions in the 
BG and thalamic nuclei, including the subparafascicular thalamic nucleus, send dopaminergic projections to 
the main auditory midbrain nucleus and the inferior colliculus, consistent with a modulatory role of the BG in 
auditory  processing28–31. Based on these considerations, it is suggested that a dysfunctional dopaminergic system 
may contribute to differences in the processing of pitch and formant information for speech and ultimately to 
differences in speech motor output.

Here, we recorded FFR from the left mastoid during listening to a speech syllable. We compared patterns of 
phase-locking in individuals with PD and control participants on the assumption that it indexes—not solely, but 
to a large extent—subcortical interactions. On the basis of prior behavioral and perceptual results, we hypoth-
esized that individuals with PD would show an increased FFR response only in the frequency range associated 
with fo compared to control participants, consistent with a brainstem contribution to their speech perceptual 
and production impairment.

Results
Electrophysiology. A multivariate analysis of variance (MANOVA) was used to compare root mean square 
(RMS) magnitudes (pre-stimulus and response) and spectral response amplitudes of the FFR (fo and F1) between 
groups (PD vs. control). A waveform depicting the characteristics of the input stimulus [da], along with aver-
aged FFR waveforms for the PD and control groups, is displayed in Fig. 1a and b. The Figure also includes a bar 
graph comparing the magnitudes of response RMS amplitudes during the pre-stimulus and stimulus periods, 
and it is displayed in Fig. 1c. In the time domain, no significant difference was observed between groups for the 
amplitude of the pre-stimulus region [F(1,28) = 0.24, p = 0.626]. In contrast, individuals with PD showed greater 
RMS amplitude for the frequency-following response [F(1,28) = 9.04, p = 0.006, ηp

2 = 0.244].
Figure 2 shows the averaged FFT (Fig. 2a) and bar graphs of the mean response amplitudes corresponding to fo 

and F1 (Fig. 2b) for the two groups. In the frequency domain, the amplitude of the frequency-following responses 
during the vowel portion of the stimulus (10–60 ms) for fo (80–120 Hz) and F1 (400–600 Hz) were assessed for 
group differences. Individuals with PD demonstrated larger amplitude FFR responses in the frequency range asso-
ciated with fo compared to the control group [F(1,28) = 8.51, p = 0.007, ηp

2 = 0.233; PD group (Mean (M) = 0.146, 
Standard Deviation (SD) = 0.047; Range = 0.04–0.23); Control group (M = 0.100, SD = 0.056; Range = 0.04–0.25)]. 
However, there was no group difference for the frequency range associated with F1 [F(1,28) = 0.002, p = 0.966; 
PD group (M = 0.014, SD = 0.009; Range = 0.01–0.04); Control group (M = 0.014, SD = 0.006; Range = 0.01–0.03)].

Correlation analysis. To further investigate the relationship between the neurophysiological response to 
the auditory speech stimuli and the severity of behavioural speech disorders (dysarthria) of PD, we correlated 
the FFR amplitudes corresponding to fo and F1 with the Movement Disorder Society Unified Parkinson’s Disease 
Rating Scale (MDS-UPDRS) and perceptual dysarthria ratings for each participant with PD. No significant cor-
relation was observed between the amplitudes corresponding to fo or F1 and the UPDRS (fo and MDS-UPDRS: 
r(13) = 0.088, p = 0.754; F1 and MDS-UPDRS: r(13) = 0.153, p = 0.587) or the perceptual dysarthria scores (fo and 
dysarthria score: r(13) = − 0.368, p = 0.177; F1 and dysarthria score: r(13) = − 0.428, p = 0.111).

Discussion
Our preliminary results are consistent with an enhanced encoding of vocal pitch, evidenced by increased FFR 
amplitude in the frequency range of 80–120 Hz, in individuals with PD compared to age- and gender-matched 
control participants. In contrast, we did not find evidence of enhanced encoding within the range of the first 
formant (400–600 Hz). The increased amplitude of the FFR response is consistent with a selective modulation of 
the fundamental frequency of the speech stimuli at the level of the brainstem. The brainstem components of the 
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FFR are modulated by the BG through inhibitory and disinhibitory projections to auditory relay areas including 
the inferior colliculus  (IC30), with the IC one of the largest generators of the FFR  response32–34.

Increased encoding of vocal pitch has been observed at the cortical level evidenced by larger auditory evoked 
potentials (P2 responses) in PD compared to non-PD  participants12. Since the brainstem FFR can be modulated 
from the  cortex35, the specific source of the enhancement (brainstem or cortex) can’t be determined from the 
present results. However, it appears that the increased FFR response in PD participants reflects a reduction in 
the inhibitory (or tuning) function of the auditory brainstem pathway which enhances the frequency response 
within the vocal pitch range. In our previous study, PD participants were better able to detect and compensate 
for pitch shifts compared to the non-PD  participants4. The current results suggest that the difference in FFR 
amplitude in the pitch range enhances the salience of the acoustic signal enabling better detection of differences 
in pitch during listening. In addition, the enhanced feedback signal interacts with the motor output during voice 
production to produce a stronger response to pitch shifts.

BG damage and its influence on the auditory signal on vocal output during production may be accompanied 
by an opposite change to the sensitivity of the somatosensory system. Voice production generates auditory as 
well as somatosensory feedback resulting from the laryngeal vibration, and feedback from both sensory sys-
tems contribute to the perception of pitch and  loudness36,37. For individuals with no history of neurodegenera-
tive disease, vocal fold mucous anesthetization yields a greater compensatory response to auditory feedback 

Figure 1.  (a) Stimulus waveform. (b) Average waveform brainstem response to [da] in individuals with PD 
(red) and age- and gender-matched controls (black). The pre-stimulus period (− 10 to 0 ms) and the response 
period (0 to 60 ms) are shown. (c) Bar graph demonstrating between-group differences in RMS amplitude for 
the pre-stimulus and response periods. The error and shaded error bars represent the standard error. Note: 
*p < 0.01.
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alterations in pitch compared to the pitch response without  anesthesia38, suggesting a trade-off in sensitivity or 
gain between the two sources of sensory input (somatosensory vs. auditory). Similarly, masking of laryngeal 
somatosensory feedback by applying low-pass filtered stochastic vibrations to the neck enhances the Lombard 
response (increased loudness)37. In individuals with PD, using air-puff stimulation, it was found that thresholds 
for detecting laryngeal somatosensory input are increased, consistent with reduced sensitivity of mechanorecep-
tors in the laryngeal  area39. As a result, BG damage appears to influence both sensory modalities (auditory and 
somatosensory) in opposing ways resulting in an increase in sensitivity to pitch-related auditory feedback and 
a decrease in sensitivity to pitch-related somatosensory feedback.

One consequence of the opposing changes in feedback from the two sensory systems is an imbalance in 
their contributions to speech production. The addition of the pitch shift would combine with normal feedback 
to increase the perception of pitch and loudness, while the change in threshold for somatosensory input would 
result in smaller movements due to the reduced reafferent input. Interestingly, one therapy for remediation of 
the hypokinetic features in the speech of individuals with PD involves vocal exercises focused on the production 
of loud speech (Lee Silverman Voice Treatment—LSVT9,40–43). The approach generates greater somatosensory 
feedback from the articulatory and laryngeal systems compared to normal speech. One of the effects of the 
LSVT is smaller vocal pitch compensations following treatment suggesting a down regulation of the enhanced 
auditory  response44. Hence, it is reasonable to suggest that by increasing loudness, the LSVT treatment may act 
to reset the balance between the feedback systems providing the conditions for more normal speech production 
and perception.

In our previous work, we also found a reduction in compensation to manipulations of F1 auditory  feedback10, 
and a reduction in F1 error detection during listening in our PD  participants4. In the present study there was no 
evidence of an enhancement or a reduction in the FFR at frequencies in the range of the first formant. The lack 
of difference in FFR amplitude in the first formant frequency range suggests that the motor and sensory deficits 
related to F1 may occur at a higher level than the brainstem. Because formant information is associated with 
phonetic processing, it more likely involves primary and association levels of the processing stream, which rely 
on integration of both formant and harmonic information to extract relevant linguistic information. As a result, 

Figure 2.  (a): Fast Fourier transforms calculated for the vowel part of the average response of individuals with 
PD (red) and age- and gender-matched control (black) group. (b) Bar graphs demonstrating between-group 
differences in response amplitude corresponding to fo (80–120 Hz) and F1 (400–600 Hz) representation of the 
speech stimuli. The error and shaded error bars represent the standard error. Note: *p < 0.01.
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the influence of BG dysfunction on speech has differential effects related to the processing levels for different 
components of the speech production (and presumably) the perceptual process.

This study has some shortcomings that should be mentioned. First, most of the individuals with PD in the 
current study showed mild to moderate severity. It would be of interest to study a greater range of severity in 
future studies to have a more complete picture of the effect of PD on speech auditory brainstem processing. It is 
also important to consider other concomitant factors along with PD on the FFR responses, such as amount of 
musical training or multilingualism (in the case of tonal languages as the second language), as there are reports 
of the effects of both on FFR  responses26,27. In order to recruit as many participants as possible, we did not screen 
for the amount of musical training or multilingualism in the current study, these factors merit attention in future 
investigations. In addition, based on recent work on different speech subtypes of  PD45,46, it would be beneficial 
to assess the relationship of the sensory deficits and different speech subtypes. In the current work, we did not 
classify different speech subtypes of individuals with PD due to the relatively small sample size. In the future, 
one can, for example, investigate whether pitch and loudness sensory differences are more frequent in the pro-
sodic subtype of speech deficits in PD as opposed to the phonatory-prosodic or articulatory-prosodic subtypes.

In conclusion, in these preliminary data, we found increased frequency-following neural responses related 
to fo during the perception of speech in individuals with PD compared to age- and gender-matched control par-
ticipants. These findings provide a neural basis for the sensory processing deficits of vocal pitch and loudness at 
the brainstem level in this  population10,11,13. Impaired modulation of sensory information at the BG may be one 
possible factor in the manifestations of speech deficits in individuals with PD.

Materials and methods
Ethics statement. This study was approved by the McGill Faculty of Medicine Institutional Review Board, 
in accordance with principles expressed in the Declaration of Helsinki. Informed written consent was obtained 
from participants prior to their involvement in the research project.

Participants. Fifteen patients with Parkinson’s disease (6 female, 9 male; mean age: 65.87 years) and fifteen 
age- and gender-matched control participants (6 female, 9 male; mean age: 63.13 years) were recruited for this 
study (same group as our previous  study4,10). The severity of PD motor symptoms, assessed using the Movement 
Disorder Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS; Part III Motor  Examination47), ranged 
from mild (a score of 13) to moderate (a score of 48; mean [M] ± standard deviation [SD] score, 24.79 ± 9.19). 
Cognitive functioning was assessed using the Montreal Cognitive Assessment  (MoCA48) and was in the normal 
range for all individuals with PD (scores > 26). All patients were taking L-dopa in addition to other medication, 
including dopaminergic and/or anticholinergic drugs. Participants were tested off medication for 12 h. Two par-
ticipants reported a history of speech therapy focused on increasing speech loudness and intelligibility.

Each participant read aloud the Rainbow Passage (a standard speech perceptual passage assessment) in order 
to carry out a perceptual analysis of dysarthric speech characteristics. A licensed Speech-Language Pathologist 
rated the speech of participants on 43 perceptual dimensions that span the speech subsystems, including phona-
tory and articulatory subsystems, using a 7-point  scale1. Overall, the severity of participants with PD was rated 
as moderate (2 participants), mild-to-moderate (4 participants), mild (6 participants), and within normal limits 
(3 participants). Inter-rater agreement was tested between the first rater and a second listener using intraclass 
correlation (ICC) in order to assess consistency in the ratings of speech perceptual characteristics in individuals 
with PD. The resulting ICC was in the excellent range, ICC = 0.9049, indicating that the raters had a high degree 
of agreement. We used the perceptual and MDS-UPDRS scores to evaluate any relationship between severity of 
speech and motor symptoms and the magnitude of the FFR responses.

All participants underwent an audiometric screening and were found to have binaural pure tone hearing 
thresholds of 40 dB HL or less at 250, 500, 1000, 2000 and 4000 Hz. None of the participants used hearing aids. 
All participants were native speakers of North-American English. Participants in the control group were healthy 
with no history of neurological condition.

Stimulus and recording. A 40 ms (ms) speech syllable, [da], was synthesized at a 20 kHz sampling rate 
using a Klatt  synthesizer50. After a 5 ms stop burst, voicing remained constant with a fundamental frequency of 
100 Hz, and the first formant frequency of 500 Hz. The [da] stimulus was chosen because it combines transient 
([d], the first 10 ms with a 5 ms voice onset time) and periodic ([a])  segments51), two acoustic features that have 
been extensively studied in speech  ABR52. For each participant, the [da] stimulus was presented 12,000 times 
with a 50 ms interstimulus-interval. Stimuli were presented in alternating stimulus polarities (i.e., compression 
and decompression of air molecules of periodic sound waves: positive and negative) to both ears at 80 dB SPL 
through electromagnetically-shielded insert earphones (Etymotic ER-2) to reduce stimulus and noise artifacts, 
using a TDT stimulus presentation system (Tucker-Davis Technologies, TDT Inc., Alachua, FL). A vertical mon-
tage of four electrodes (left mastoid active, two on the forehead as grounds, and a hairline reference) was used, 
with all impedances kept under 5 kΩ. Continuous responses were recorded (20 kHz sampling frequency) with 
ActiABR200 software (BioSemi, Amsterdam, Netherlands). During the recording session (lasting approximately 
18 min), participants sat in a comfortable chair in a sound attenuated room.

Data processing. Electrophysiological responses were band-pass filtered offline in  EEGLAB53 between 70 
and 2000 Hz to maximize signal-to-noise ratio and detection of peaks within the phase-locking limits of the 
brainstem. The root mean square (RMS) amplitude of the neural responses was used to quantify the overall 
magnitude of response and pre-stimulus activity. RMS amplitudes were computed for the pre-stimulus period 
(− 10 to 0 ms) and the response period (0 to 60 ms). A fast Fourier transform (FFT) was performed on a signal 
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window between 10 and 60 ms, corresponding to the voiced portion of the stimulus (Brainstem  toolbox52). Mean 
amplitude across frequency ranges corresponding to fo (80 to 120 Hz) and F1 (400 to 600 Hz) were calculated 
for each trial and then averaged across participants for each group. Responses were then averaged over a − 10 
to 60 ms window, with stimulus onset occurring at time zero. Any trial with an amplitude greater than 40 µV 
was considered an artifact and rejected before averaging. We included 11,400 trials of response averages (5700 
trials in each polarity) in the analysis after artifact rejection across participants. There were no differences in the 
number of rejected trials between the two groups [t(28) = 0.971, p = 2.048]. Responses (0 to 60 ms) were then 
amplitude baseline-corrected in the pre-stimulus period (− 10 to 0 ms). In a final step, responses from the two 
stimulus polarities were averaged to minimize the influence of cochlear microphonic and stimulus artifact on 
the measured  response54.

Statistical analysis. Statistical analyses were performed using multivariate analysis of variance (MANOVA) 
with root mean square (RMS) magnitudes (pre-stimulus and response) and spectral responses (fo and F1) as 
within-subject factors and group (PD vs. control) as between-subject factor. Factor and simple effect sizes were 
quantified using ηp

2 to assess any statistically significant effects, defined as small (0.2–0.3), medium (0.5), and 
large (> 0.855). Greenhouse–Geisser corrections for unequal variances were applied when necessary. In addition, 
separate Pearson correlation analyses were performed between FFR amplitudes of fo or F1 and perceptual or 
MDS-UPDRS clinical scores in individuals with PD. This resulted in four correlation analyses. A Bonferroni-
adjusted α rate of 0.012 was used.

Data availability
Anonymized datasets recorded and analyzed during this study are available from the corresponding author 
within the limits of participants’ consent.
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References
 1. Duffy, J. R. Motor Speech Disorders: Substrates, Differential Diagnosis, and Management 198–217 (Elsevier Mosby, 2013).
 2. Ho, A. K., Bradshaw, J. L., Iansek, R. & Alfredson, R. Speech volume regulation in Parkinson’s disease: Effects of implicit cues and 

explicit instructions. Neuropsychologia 37(13), 1453–1460 (1999).
 3. Ho, A. K., Bradshaw, J. L. & Iansek, R. Volume perception in parkinsonian speech. Mov. Disord. 15(6), 1125–1131 (2000).
 4. Mollaei, F., Shiller, D. M., Baum, S. R. & Gracco, V. L. The relationship between speech perceptual discrimination and speech 

production in Parkinson’s disease. J Speech. Lang. Hear. Res. 62(12), 4256–4268. https:// doi. org/ 10. 1044/ 2019_ JSLHR-S- 18- 0425 
(2019).

 5. Brajot, F. X., Shiller, D. M. & Gracco, V. L. Autophonic loudness perception in Parkinson’s disease. J. Acoust. Soc. Am. 139(3), 
1364–1371 (2016).

 6. Abur, D. et al. Sensorimotor adaptation of voice fundamental frequency in Parkinson’s disease. PLoS ONE 13(1), e0191839 (2018).
 7. Troche, J., Troche, M. S., Berkowitz, R., Grossman, M. & Reilly, J. Tone discrimination as a window into acoustic perceptual deficits 

in Parkinson’s disease. Am. J. Speech-Lang. Pathol. 21, 258–263. https:// doi. org/ 10. 1044/ 1058- 0360(2012/ 11- 0007 (2012).
 8. Fox, C. M. & Ramig, L. O. Vocal sound pressure level and self-perception of speech and voice in men and women with idiopathic 

Parkinson disease. Am. J. Speech-Lang. Pathol. 6(2), 85–94 (1997).
 9. Fox, C. M., Morrison, C. E., Ramig, L. O. & Sapir, S. Current perspectives on the Lee Silverman Voice Treatment (LSVT) for 

individuals with idiopathic Parkinson disease. Am. J. Speech-Lang. Pathol. 11(2), 111–123 (2002).
 10. Mollaei, F., Shiller, D. M., Baum, S. R. & Gracco, V. L. Sensorimotor control of vocal pitch and formant frequencies in Parkinson’s 

disease. Brain Res. 1646, 269–277 (2016).
 11. Chen, X. et al. Sensorimotor control of vocal pitch production in Parkinson’s disease. Brain Res. 1527, 99–107 (2013).
 12. Huang, X. et al. The impact of Parkinson’s disease on the cortical mechanisms that support auditory–motor integration for voice 

control. Hum. Brain Mapp. 37(12), 4248–4261 (2016).
 13. Liu, H., Wang, E. Q., Metman, L. V. & Larson, C. R. Vocal responses to perturbations in voice auditory feedback in individuals 

with Parkinson’s disease. PLoS ONE 7(3), e33629 (2012).
 14. Ranasinghe, K. G. et al. Abnormal vocal behavior predicts executive and memory deficits in Alzheimer’s disease. Neurobiol. Aging 

52, 71–80 (2017).
 15. Ranasinghe, K. G. et al. Neural correlates of abnormal auditory feedback processing during speech production in Alzheimer’s 

disease. Sci. Rep. 9(1), 1–12 (2019).
 16. Parrell, B., Agnew, Z., Nagarajan, S., Houde, J. & Ivry, R. B. Impaired feedforward control and enhanced feedback control of speech 

in patients with cerebellar degeneration. J. Neurosci. 37(38), 9249–9258 (2017).
 17. Gawel, M. J., Das, P., Vincent, S. & Rose, F. C. Visual and auditory evoked responses in patients with Parkinson’s disease. J. Neurol. 

Neurosurg. Psychiatry 44(3), 227–232 (1981).
 18. Tachibana, H., Takeda, M. & Sugita, M. Short-latency somatosensory and brainstem auditory evoked potentials in patients with 

Parkinson’s disease. Int. J. Neurosci. 44(3–4), 321–326 (1989).
 19. Teo, C. et al. Decreased habituation of midlatency auditory evoked responses in Parkinson’s disease. Mov. Disord. 12(5), 655–664 

(1997).
 20. Krishnan, A. & Gandour, J. T. The role of the auditory brainstem in processing linguistically-relevant pitch patterns. Brain Lang. 

110(3), 135–148 (2009).
 21. Russo, N., Nicol, T., Musacchia, G. & Kraus, N. Brainstem responses to speech syllables. Clin. Neurophysiol. 115(9), 2021–2030 

(2004).
 22. Swaminathan, J., Krishnan, A. & Gandour, J. T. Pitch encoding in speech and nonspeech contexts in the human auditory brainstem. 

NeuroReport 19(11), 1163 (2008).
 23. Du, Y., Kong, L., Wang, Q., Wu, X. & Li, L. Auditory frequency-following response: A neurophysiological measure for studying 

the “cocktail-party problem”. Neurosci. Biobehav. Rev. 35(10), 2046–2057 (2011).
 24. Otto-Meyer, S., Krizman, J., White-Schwoch, T. & Kraus, N. Children with autism spectrum disorder have unstable neural responses 

to sound. Exp. Brain Res. 236(3), 733–743 (2018).
 25. Bidelman, G. M., Lowther, J. E., Tak, S. H. & Alain, C. Mild cognitive impairment is characterized by deficient brainstem and 

cortical representations of speech. J. Neurosci. 37(13), 3610–3620 (2017).

https://doi.org/10.1044/2019_JSLHR-S-18-0425
https://doi.org/10.1044/1058-0360(2012/11-0007


7

Vol.:(0123456789)

Scientific Reports |         (2022) 12:1019  | https://doi.org/10.1038/s41598-022-05128-8

www.nature.com/scientificreports/

 26. Bidelman, G. M., Gandour, J. T. & Krishnan, A. Musicians and tone-language speakers share enhanced brainstem encoding but 
not perceptual benefits for musical pitch. Brain Cogn. 77(1), 1–10 (2011).

 27. Bidelman, G. M., Gandour, J. T. & Krishnan, A. Cross-domain effects of music and language experience on the representation of 
pitch in the human auditory brainstem. J. Cogn. Neurosci. 23(2), 425–434 (2011).

 28. Nevue, A. A., Elde, C. J., Perkel, D. J. & Portfors, C. V. Dopaminergic input to the inferior colliculus in mice. Front. Neuroanat. 9, 
168 (2016).

 29. Nevue, A. A., Felix, R. A. II. & Portfors, C. V. Dopaminergic projections of the subparafascicular thalamic nucleus to the auditory 
brainstem. Hear. Res. 341, 202–209 (2016).

 30. Winer, J. A., Chernock, M. L., Larue, D. T. & Cheung, S. W. Descending projections to the inferior colliculus from the posterior 
thalamus and the auditory cortex in rat, cat, and monkey. Hear. Res. 168(1–2), 181–195 (2002).

 31. Graybiel, A. M. Neurotransmitters and neuromodulators in the basal ganglia. Trends Neurosci. 13(7), 244–254 (1990).
 32. Bidelman, G. M. Subcortical sources dominate the neuroelectric auditory frequency-following response to speech. Neuroimage 

175, 56–69 (2018).
 33. DeLong, M. R. Primate models of movement disorders of basal ganglia origin. Trends Neurosci. 13, 281–285 (1990).
 34. Stocco, A., Lebiere, C. & Anderson, J. R. Conditional routing of information to the cortex: A model of the basal ganglia’s role in 

cognitive coordination. Psychol. Rev. 117(2), 541 (2010).
 35. Coffey, E. B. et al. Evolving perspectives on the sources of the frequency-following response. Nat. Commun. 10(1), 1–10 (2019).
 36. Fairbanks, G. Systematic research in experimental phonetics: 1. A theory of the speech mechanism as a servosystem. J. Speech 

Hear. Disord. 19, 133–139 (1954).
 37. Brajot, F. X., Nguyen, D., DiGiovanni, J. & Gracco, V. L. The impact of perilaryngeal vibration on the self-perception of loudness 

and the Lombard effect. Exp. Brain Res. 236(6), 1713–1723 (2018).
 38. Larson, C. R., Altman, K. W., Liu, H. & Hain, T. C. Interactions between auditory and somatosensory feedback for voice F0 control. 

Exp. Brain Res. 187(4), 613–621 (2008).
 39. Hammer, M. J. & Barlow, S. M. Laryngeal somatosensory deficits in Parkinson’s disease: Implications for speech respiratory and 

phonatory control. Exp. Brain Res. 201(3), 401–409 (2010).
 40. Fox, C. M., Ramig, L. O., Ciucci, M. R., Sapir, S., McFarland, D. H. & Farley, B. G. The science and practice of LSVT/LOUD: Neural 

plasticity-principled approach to treating individuals with Parkinson disease and other neurological disorders In Seminars in Speech 
and Language 283–299 (Thieme Medical Publishers, Inc, 2006).

 41. Ramig, L. O., Sapir, S., Fox, C. & Countryman, S. Changes in vocal loudness following intensive voice treatment  (LSVT®) in indi-
viduals with Parkinson’s disease: A comparison with untreated patients and normal age-matched controls. Mov. Disord. 16(1), 
79–83 (2001).

 42. Ramig, L. O., Fox, C. N. & Sapir, S. Speech and voice disorders in Parkinson’s disease. In Parkinson’s Disease: Non-motor and Non-
dopaminergic Features (eds Olanow, C. W. et al.) 348–362 (Blackwell Publishing Ltd, 2011).

 43. Ramig, L., Halpern, A., Spielman, J., Fox, C. & Freeman, K. Speech treatment in Parkinson’s disease: Randomized controlled trial 
(RCT). Mov. Disord. 33(11), 1777–1791 (2018).

 44. Li, Y. et al. Neurobehavioral effects of  LSVT® LOUD on auditory-vocal integration in Parkinson’s disease: A preliminary study. 
Front. Neurosci. 15, 181 (2021).

 45. Rusz, J. et al. Defining speech subtypes in de novo Parkinson disease: Response to long-term levodopa therapy. J. Neurol. 97(21), 
e2124–e2135 (2021).

 46. Rusz, J., Tykalová, T., Novotný, M., Růžička, E. & Dušek, P. Distinct patterns of speech disorder in early-onset and late-onset de-
novo Parkinson’s disease. NPJ Parkinson’s Dis. 7(1), 1–8 (2021).

 47. Goetz, C. G. Movement disorder society-unified Parkinson’s disease rating scale (MDS-UPDRS): A new scale for the evaluation 
of Parkinson’s disease. Rev. Neurol. 166(1), 1–4 (2009).

 48. Nasreddine, Z. S. et al. The Montreal Cognitive Assessment, MoCA: A brief screening tool for mild cognitive impairment. J. Am. 
Geriatr. Soc. 53(4), 695–699 (2005).

 49. Cicchetti, D. V. Guidelines, criteria, and rules of thumb for evaluating normed and standardized assessment instruments in psy-
chology. Psychol. Assess. 6(4), 284 (1994).

 50. Klatt, D. H. Software for a cascade/parallel formant synthesizer. J. Acoust. Soc. Am. 67(3), 971–995 (1980).
 51. Kraus, N. et al. Auditory neurophysiologic responses and discrimination deficits in children with learning problems. Science 

273(5277), 971–973 (1996).
 52. Skoe, E. & Kraus, N. Auditory brainstem response to complex sounds: A tutorial. Ear Hear. 31(3), 302–324 (2010).
 53. Delorme, A. & Makeig, S. EEGLAB: An open source toolbox for analysis of single-trial EEG dynamics including independent 

component analysis. J. Neurosci. Methods 134(1), 9–21 (2004).
 54. Campbell, T., Kerlin, J. R., Bishop, C. W. & Miller, L. M. Methods to eliminate stimulus transduction artifact from insert earphones 

during electroencephalography. Ear Hear. 33(1), 144 (2012).
 55. Witte, R. & Witte, J. Statistics (Wiley, 2010).

Acknowledgements
We thank Francois-Xavier Brajot, PhD, CCC-SLP and Suzanne Lalonde, SLP(C) for their help in the evaluations 
of speech samples. In addition, we are grateful for all the participants who took part in this study.

Author contributions
F.M. designed the study, implemented the experiments, tested participants, analysed the data, and wrote the 
first draft of the manuscript. D.M.S. contributed to the design, analysis, and editing of the manuscript. S.R.B. 
contributed to the analysis, interpretation of the data, and writing of the manuscript. V.L.G. contributed to the 
conceptualisation, design, statistical analysis, and writing of the manuscript. All authors have read and approved 
the final manuscript.

Funding
This work was supported by Grants from the Natural Sciences and Engineering Research Council of Canada 
(NSERC) awarded to Dr. Baum and Dr. Gracco.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to F.M.



8

Vol:.(1234567890)

Scientific Reports |         (2022) 12:1019  | https://doi.org/10.1038/s41598-022-05128-8

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Early auditory responses to speech sounds in Parkinson’s disease: preliminary data
	Results
	Electrophysiology. 
	Correlation analysis. 

	Discussion
	Materials and methods
	Ethics statement. 
	Participants. 
	Stimulus and recording. 
	Data processing. 
	Statistical analysis. 

	References
	Acknowledgements


