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Abstract

Background/Aims—To quantify aperiodic phonation, nonlinear dynamic methods of acoustic 

voice analysis, such as correlation dimension, have been shown to be useful. The purpose of this 

study is to evaluate the validity of nonlinear dynamic analysis as a voice analysis tool for the 

Parkinson’s disease (PD) treatment effects of deep brain stimulation (DBS) and levodopa.

Methods—In this study, the effects of DBS and levodopa treatment on patients with PD were 

measured using perturbation, nonlinear dynamic, and perceptual analysis. 19 PD patients that 

received bilateral (n=9), left, (n=7), or right (n=3) DBS performed sustained vowel phonations, 

which were recorded before- and after-medication with the stimulator-off and -on. Recordings 

were also taken of 10 PD patients that did not receive DBS surgery before- and after-medication to 

provide a baseline.

Results—A mixed two-way ANOVA (surgery, medication) generated significant positive 

treatment effects of DBS only in mean log-transformed D2, which was supported by mean log-

transformed shimmer, vF0, and vAm.

Conclusion—These findings may indicate the validity of nonlinear dynamic analysis as a 

complement to perceptual analysis in clinical PD voice studies.
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INTRODUCTION

Parkinson’s disease (PD) is a neurological disease that involves the degeneration of 

dopamine producing cells in the substantia nigra, causing increased inhibition of the 

thalamus and the brainstem locomotive center.[1] PD causes both motor and vocal 

impairment. Impaired Parkinsonian voice has been described as breathy, tremulous, high-

pitched, monotone, quiet, and hoarse.[2,3]

The use of levodopa is a standard treatment for PD and has been shown to be effective in 

combating PD motor symptoms, although its effects on PD voice are inconsistent.[4–9] A 

new treatment for PD is deep brain stimulation (DBS) of the subthalamic nucleus (STN). 

DBS treatment involves using a unilateral or bilateral stimulator to target electrical signals to 

the STN, which is believed to disrupt brain signaling responsible for the motor and vocal 

impairment symptoms of PD.[1,10,11] DBS has been shown to alleviate motor symptoms, 

but its effects on voice are less clear.[12–14] Recent studies focusing on the use of levodopa 

in conjunction with DBS of the STN have argued that DBS of the STN affects neuronal 

structures involved in voice that are not affected by levodopa, namely non-dopaminergic 

lesions.[15–17] As a result, the administration of levodopa in conjunction with DBS of the 

STN is thought to have a greater effect on PD vocal impairment than the use of levodopa 

alone.[5,16] These studies have applied acoustic perturbation analysis to evaluate the effects 

of DBS and levodopa.[11,18,19]

Perturbation analysis, however, requires near periodicity in order to reliably extract a pitch 

from voice samples. Correlation dimension, produced from nonlinear dynamic analysis, can 

quantify aperiodic voice commonly found in PD patients. Increased correlation dimension 

may indicate worsening of hoarseness, which perceptually characterizes aperiodic voice.

[20–25] In addition, nonlinear vocal fold models are able to capture the pathologic 

characteristics of PD voice, including reduced vibratory amplitude, incomplete vocal fold 

closure, increased phonation threshold pressure, vocal tremor, subharmonics, and vocal 

irregularity.[26] Thus, nonlinear dynamic analysis may be a useful clinical tool for PD voice 

analysis.

The purpose of this study is to investigate the usefulness of nonlinear dynamic analysis to 

evaluate the effects of unilateral and bilateral DBS of the STN in conjunction with levodopa 

on PD voice. PD voices of surgical patients are evaluated in the before-medication 

stimulator-off (BMSOFF), before-medication stimulator-on (BMSON), after-medication 

stimulator-off (AMSOFF), and after-medication stimulator-on (AMSON) situations. The 

results for surgical patients are compared to those for non-surgical patients in the before-

medication (BM) and after-medication (AM) situations.

MATERIALS AND METHODS

Participants

The University of Wisconsin IRB and the Committee of Ethics at Shanghai Second Military 

Medical University Hospital approved the protocol and consent procedure used in this study. 
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An attending neurologist recruited 19 patients diagnosed with idiopathic PD, 11 males and 8 

females with an average age of 63.8 years, to undergo DBS-STN surgery (Table 1). The 

details of the surgery have been discussed elsewhere.[27] Nine patients had bilateral, 7 had 

left, and 3 had right electrode placement. The decision to undergo DBS surgery was made by 

the subjects as part of their clinical care independent from the interests of this study. Ten 

patients diagnosed with idiopathic PD, 6 females and 4 males with a mean age of 66.8 years, 

that did not undergo surgery were also selected (Table 2). None of the participants suffered 

from vocal deficits caused by diseases other than PD, symptoms outside of those common to 

PD as detected by laryngeal endoscopy, cognitive hearing impairment, or depression. The 

attending neurologist selected patients based on consistency in the criteria listed in Tables 1 

and 2.

Double blindness

The attending neurologist recruited patients. Two research assistants collected the vocal 

recordings, one controlling the stimulator and administering the medication and another, 

blind to the stimulator and medication conditions, directing the patient to perform sustained 

phonations. The patient was blind to the stimulator condition but not to the medication 

condition. Therefore, double blindness was satisfied with respect to DBS treatment. 

Blindness of the research assistant was achieved with respect to medication. Another 

research assistant, unaware of the stimulator or medication conditions, conducted the data 

analysis, achieving blindness at this stage of data processing with respect to both treatment 

factors.

Recording procedure

For patients that received DBS, two doctors conducted the recordings in the four situations, 

BMSOFF, BMSON, AMSOFF, and AMSON. Recordings were taken before-medication (no 

medication for 12 hours) and after-medication (medication for 1 hour) with the stimulator-

off (stimulator deactivated for 30 minutes) and the stimulator-on (stimulator activated for at 

least 12 hours). For patients that did not undergo surgery, recordings were taken in the BM 

(no medication for 12 hours) and AM (medication for 1 hour) situations. The smallest 

amount of medication was administered to achieve the best results and least side effects 

(Tables 1 and 2). At each time period, sustained /a/ vowel phonations of no less than 5 

seconds were recorded in a sound-attenuated room using a head-mounted microphone (AKG 

Acoustics, Vienna, Austria) positioned at 15 cm from the mouth at a 45 degree angle. Audio 

files were recorded using Multispeech software (KayPENTAX, Lincoln Park, NJ) at a 

sampling rate of 25 kHz. The patients were asked to perform the sustained vowel phonations 

at their habitual loudness and pitch. For each patient, 5 replicate recordings in each of the 

situations were taken, and 3 replicates were randomly selected for vocal analysis. One-

second segments were cut from the middle of these sustained voices, eliminating the offset 

and onset of phonation. These segments were processed using nonlinear dynamic, 

perturbation, and perceptual analysis.

Perturbation Analysis

The 3 one-second segments of sustained phonations were analyzed using CSpeech 4.0 

software (Paul Milenkovic, Madison, Wisconsin). Percent jitter, percent shimmer, and 
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signal-to-noise ratio (SNR) values were obtained for all vocal segments. The Multi-
Dimensional Voice Program (MDVP), model 5105, Version 2.0 (Kay Elemetrics 

Corporation), was used to obtain the perturbation measures of vF0 (variability in 

fundamental frequency) and vAm (peak-to-peak amplitude variation).

CSpeech was also used to calculate err, which is a measure of the number of times the 

algorithm failed to extract a pitch period.[28] An err greater than 10 indicated an unreliable 

pitch period. The waveforms of samples with err values greater than 10 had type 2 

(bifurcations and modulations evident) or type 3 (aperiodic and chaotic) signals. Studies 

have determined that perturbation analysis is only reliable for nearly periodic voice samples. 

Thus, percent jitter, percent shimmer, signal-to-noise ratio, vF0, and vAm values for these 

samples were eliminated.[29]

Nonlinear dynamic analysis

Nonlinearity in human voice production is related to the machinery of the human voice.[22] 

Correlation dimension, produced from nonlinear dynamic analysis, gives a quantitative 

estimate of the number of degrees of freedom needed to describe the dynamic system.[30] 

Higher dimensionality of D2 indicates a more complex system and a higher degree of vocal 

pathology.[21–25] The theory and usage of nonlinear dynamic methods has been discussed 

in previous literature.[22,24,30,31–35] Correlation dimension calculations were determined 

based on past research of excised larynx phonations and live human voices.[21,25,33–35] 

Figure 1 shows phonatory time series

(1)

(2)

from a PD patient that received DBS in the BMSON situation. Vocal segments were 

analyzed over a period of one second (figures were magnified). Figure 2 shows the phase 

space reconstruction (x(t), x(t +τ)) with τ as the time delay calculated by Fraser and 

Swinney’s mutual information method (1986). The reconstructed phase space maps the 

vocal fold vibrations as a function of time, qualitatively showing the dynamic behavior of a 

signal. Periodic and aperiodic signals produce closed and irregular trajectories respectively. 

In Grassberger and Procaccia’s correlation dimension (1983),

(3)

(4)

where r is the radius around Xi and C is calculated using Theiler’s formula (1986). W is the 

time delay τ and
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(5)

D2 vs. r is fit with a linear curve in the scaling region. As the embedding dimension m is 

increased, the slopes of these two curves converge. Figure 3 shows the D2 vs. r curves from 

the same PD voice. The slopes of the D2 vs. r curves approach 3.038 ± 0.004 in the scaling 

region, which is the estimated D2 of this voice. Using the steps outlined above, the estimated 

D2 values of the waveforms were obtained.

Perceptual analysis

A perceptual rating of general vocal impairment was obtained for all vocal segments to 

preliminarily investigate the relationship between the D2 and perceptual measures. The one-

second segments were rated for general vocal impairment by one graduate student with six 

years of voice research and perceptual analysis experience. One undergraduate student with 

two years of voice research experience analyzed 10 percent of the vocal segments to check 

for inter-rater reliability. These raters spent over 5 hours training for perceptual analysis with 

Sound Judgment software (Finders University, Adelaide, Australia) and with other clinical 

experiments involving perceptual analysis, maximizing the accuracy of their perceptual 

judgments. Neither rater had a history of hearing or communication difficulties. The voice 

segments were presented in randomized order to each rater through headphones (Targus Inc., 

Anaheim, CA) in a quiet isolated room. The raters were asked to give scores of general vocal 

impairment on a scale from 0 to 6 (0=none, 6=severe). In this study, the raters had high 

inter-rater agreement, with a Spearman’s Rank Order correlation coefficient of 0.972 and p-

value of <0.0001. Because of the availability of only two experienced raters, the perceptual 

ratings were not statistically analyzed.

Statistical analysis

The log-transformed means for each of the voice measures (D2, percent jitter, percent 

shimmer, SNR, vF0, vAm) were calculated, since the log transformation was found to better 

meet the assumptions of ANOVA. For each of the six measures, a mixed two-way ANOVA 

model was fit, with fixed effects for surgery and medication and their interaction, and a 

random effect for trial nested within patient, the experimental unit. Six tests were run, once 

with the stimulator-off and once with the stimulator-on conditions for bilateral, left, and 

right subsets of the surgical group. Each test carried out three comparisons on the fixed 

effects: a comparison of the no surgery and surgery conditions (BM and AM vs. BMDOFF/

BMDON and AMDOFF/AMDON), a comparison of the before- and after-medication 

conditions (BM and BMDOFF/BMDON vs. AM and AMDOFF/AMDON), and an 

interaction of the no surgery/surgery and before/after-medication conditions. If the 

interaction term was statistically significant,, multiple comparisons were carried out using a 

Fisher’s LSD test. In all, 36 ANOVAS were run (6 measures x 3 subgroups [bilateral, left, 

right] x 2 conditions [stimulator-off or -on]). Two-sided p-values less than 0.05 were 

considered significant. Statistical computations were run on SAS 9.1 (SAS Institute, Cary, 

NC).
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Statistical comparisons of the OFF and ON situations were not reported. Previous studies 

have shown that the stimulator must be turned off for a minimum of 12 hours in order to 

ensure no effect.[36] In our initial study without the medication treatment factor, there was 

no significant difference between the OFF and ON situations. As a result, this comparison 

was eliminated to simplify the statistical analysis.

RESULTS

Table 3 shows log-transformed (indicated by “l”) mean D2, percent jitter, percent shimmer, 

SNR, vF0, and vAm values for control patients in the BM and AM situations and bilateral, 

left, and right DBS patients in the BMSOFF, BMSON, AMSOFF, and AMSON situations. 

Table 4A displays the results of the mixed two-way ANOVAs. Table 4B displays the 

multiple comparisons for significant interaction terms. Figures 4 and 5 display the boxplot 

for D2 values and perceptual ratings respectively in the various patient situations.

Effect of DBS (comparison 1)

Mean lD2 was significantly lower in bilateral, left and right DBS patients for the stimulator-

off (p=0.033, p<0.0001, p<0.0001) and the stimulator-on conditions (p=0.019, p<0.0001, 

p<0.0001) than in control patients. Figure 4 shows the significantly lower D2 values in the 

surgical group than in the control group. Mean lshimmer was significantly lower in bilateral 

DBS patients for the stimulator-off conditions (p=0.036) than in control patients. Mean lvF0 

was significantly lower in bilateral and left DBS patients for the stimulator-off (p=0.006, 

p=0.023) and the stimulator-on conditions (p=0.008, p=0.043) than in control patients. Mean 

lvF0 was significantly lower in right DBS patients for the stimulator-off conditions 

(p=0.037) than in control patients. Mean lvAm was significantly lower in left and right DBS 

patients for the stimulator-off conditions (p=0.035, p=0.035).

Effect of medication (comparison 2)

Mean lvAm was significantly lower in left DBS patients for the stimulator-off conditions 

(p=0.031) than in control patients. No other ANOVAs for bilateral, left, or right DBS 

comparing the before and after-medication conditions generated statistically significant 

results.

Interaction of DBS and medication (comparison 3)

The interaction term for mean ljitter in left DBS patients for the stimulator-on conditions 

was statistically significant (p=0.044). The interaction term for mean lvAm in bilateral DBS 

patients for the stimulator-on conditions was also statistically significant (p=0.048). None of 

the multiple comparisons were significant for either term.

Perceptual analysis

In comparing the no surgery and surgery conditions (BM and AM vs. BMDOFF/BMDON 

and AMDOFF/AMDON) in Figure 5, the surgery conditions have similar perceptual ratings. 

In comparing the before- and after-medication conditions (BM and BMDOFF/BMDON vs. 

AM and AMDOFF/AMDON) in Figure 5, the medication conditions also have similar 
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perceptual ratings. The mean perceptual ratings for SON situations are lower than that of the 

respective SOFF situations for bilateral, left, and right DBS patients.

DISCUSSION

The results of this study support the validity of nonlinear dynamic analysis as a clinical tool 

to evaluate the effects of DBS and levodopa on voice. Mean lD2, produced from nonlinear 

dynamic analysis, yielded significantly lower values in the bilateral, left, and right subsets of 

the DBS group than in the control group, indicating an improvement in PD voice. 

Statistically significant results from perturbation measures show similar trends to correlation 

dimension, lending credibility to the significant differences between the DBS and control 

group detected by correlation dimension. Mean lvAm and lvF0 mirrored the results of mean 

lD2, and mean lshimmer were significantly lower for the bilateral DBS group, supporting an 

improvement in PD voice. Perturbation results that were not significant showed lower ljitter, 

lshimmer, lvF0, and lvAm values and higher SNR values for the DBS group, which agree 

with the results from nonlinear dynamic analysis.

Correlation dimension quantifies vocal irregularity, which may be caused by vocal fold 

stiffness in PD patients. Decreases in correlation dimension may indicate decreased vocal 

fold stiffness and more normal contractions of the vocal folds in PD patients, specifically of 

the antagonistic thyroarytenoid and cricothyroid muscles.[23] The discrepancy between the 

results from nonlinear dynamic and perturbation analysis may be due to the exclusion of 

aperiodic vocal samples from perturbation analysis. Previous studies have shown that 

perturbation analysis is unreliable for aperiodic vocal samples, which are commonly found 

in PD voice.[20–25,29]

The direct relationship between nonlinear dynamic and perceptual measures of voice is 

unclear. Correlation dimension quantifies aperiodic vocal patterns and therefore should 

reflect the perceptual characteristic of hoarseness.[23] In this study, although both perceptual 

and nonlinear dynamic results indicate improvement in PD voice with DBS, perceptual 

results show improvement in the stimulator-on condition as compared to the stimulator-off 

condition whereas nonlinear dynamic results show improvement in the stimulator-on 

condition as compared to the no surgery condition. Possible reasons for the discrepancy may 

include the use of a rating of general vocal impairment rather than of hoarseness and the 

small number of experienced raters. Nonlinear dynamic analysis is more time-effective and 

cost-effective than perceptual analysis and is the only objective method of analysis that 

exists for aperiodic voice. Given the unclear relationship between the two types of analysis, 

however, nonlinear dynamic analysis may only serve as a complement to perceptual analysis 

in the clinical setting. Further more rigorous studies are needed to elucidate the correlation 

between nonlinear dynamic and perceptual measures of Parkinsonian voice.

The conclusions of this study on the effectiveness of DBS and levodopa should be regarded 

with caution, as the purpose of this study was to evaluate the validity of nonlinear dynamic 

analysis as a clinical tool for detecting improvements in voice from DBS and levodopa 

treatment. The results indicate that DBS significantly improves voice with or without 

levodopa treatment and that levodopa treatment may not improve PD voice with or without 
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DBS. Improvements in PD voice associated with levodopa have been shown to decline in the 

long-run.[10,37,38] This decline in the effectiveness of levodopa may be attributed to an 

increase in non-dopaminergic lesions outside of the basal ganglia or decreased dopamine 

transmission within the basal ganglia itself.[15] Patients in this study had Hoehn-Yahr scores 

of III or IV, indicating a more advanced stage of PD, and more severe vocal impairment as 

shown by the presence of subharmonics in their vocal waveform. Therefore, effectiveness of 

levodopa treatment may have already declined, perhaps from the increased prevalence of 

non-dopaminergic lesions.[4,7,8,39–41] No interaction was found between levodopa and 

DBS treatment. Although two interaction terms were significant, the multiple comparisons 

did not generate any significant differences. All other interaction terms were not significant, 

indicating that low or high levels of levodopa were not correlated with either the stimulator-

off or stimulator-on conditions and may show a lack of synergistic effects between the two 

treatments.

The conclusions of this study have several limitations. The absence of a true stimulator-off 

condition makes it difficult to pinpoint DBS as the source of the vocal improvement in the 

PD patients. In addition, the sample size is limited by the inclusion criteria of Parkinson’s 

disease and qualification for DBS surgery. Furthermore, vocal characteristics, especially in 

patients with Parkinson’s disease, are highly variable from individual to individual. 

Although patients within the baseline and surgical groups were selected to be as consistent 

as possible, differences in the severity of PD as well as vocal machinery may have affected 

the results. Similar UPDRS-III Item 18 scores, which specifically evaluate speech, however, 

may indicate that the two groups had similar initial levels of vocal impairment.

This study has applied nonlinear dynamic analysis to the evaluation of aperiodic PD voices 

with DBS and levodopa treatment. Correlation dimension values indicate improvements in 

the PD vocal regularity in patients receiving DBS, with neither an apparent added benefit of 

levodopa treatment nor interaction with levodopa, but these conclusions on treatment effects 

should be regarded with caution. This study provides support for the validity of nonlinear 

dynamic analysis as a complementary clinical evaluation tool for PD vocal treatments.
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Figure 1. 
Parkinsonian voice acoustic waveform of a patient that received DBS in the BMSON 

situation.
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Figure 2. 
The reconstructed phase space of a Parkinsonian voice in this study.
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Figure 3. 
The estimated D2 value versus r. The curves from bottom to top correspond to the 

embedding dimension m=1, 2, 3, …, 10.
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Figure 4. 
Boxplot of D2 values for non-surgical patients in the before- (BM) and after-medication 

(AM) situations and surgical patients divided by bilateral, left, and right in the before- and 

after-medication stimulator-off (BMSOFF, AMSOFF) and before- and after-medication 

stimulator-on (BMSON, AMSON) situations.
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Figure 5. 
Boxplot of perceptual ratings of general vocal impairment for non-surgical patients in the 

before- (BM) and after-medication (AM) situations and surgical patients divided by 

bilateral, left, and right in the before- and after-medication stimulator-off (BMSOFF, 

AMSOFF) and before- and after-medication stimulator-on (BMSON, AMSON) situations.
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Table 3

Mean and standard deviation for log-transformed D2, percent jitter, percent shimmer, signal-to-noise ratio 

(SNR), vF0, and vAm in Parkinson’s disease (PD) subjects in the before and after-medication stimulator-off 

(BMSOFF, AMSOFF) and before and after-medication stimulator-on (BMSON, AMSON) situations for (A) 

bilateral (n=9), (B) left (n=7), and (C) right (n=3) patients. Mean and standard deviation for log-transformed 

D2, percent jitter, percent shimmer, signal-to-noise ratio (SNR), vF0, and vAm for (D) non-surgical patients 

(n=10) in the before- (BM) and after-medication (AM) situations. Perturbation values for aperiodic samples 

were eliminated.

(A) BMSOFF BMSON AMSOFF AMSON

log D2 1.011 (±0.325) 0.988 (±0.346) 1.074 (±0.323) 0.994 (±0.354)

log % jitter −0.997 (±0.768) −1.019 (±0.656) −1.110 (±0.590) −1.182 (±0.523)

log % shimmer 1.402 (±0.589) 1.583 (±0.702) 1.364 (±0.503) 1.494 (±0.619)

log SNR 2.783 (±0.278) 2.699 (±0.368) 2.816 (±0.231) 2.786 (±0.323)

log vF0 0.335 (±0.536) 0.325 (±0.751) 0.207 (±0.769) 0.167 (±0.624)

log vAm 2.150 (±0.388) 2.215 (±1.061) 2.101 (±1.049) 1.576 (±1.635)

(B) BMSOFF BMSON AMSOFF AMSON

log D2 0.817 (±0.238) 0.904 (±0.235) 0.898 (±0.273) 0.880 (±0.240)

log % jitter −0.772 (±0.637) −0.704 (±0.730) −0.640 (±0.334) −1.111 (±0.530)

log % shimmer 1.582 (±0.366) 1.792 (±0.635) 1.839 (±0.213) 1.514 (±0.527)

log SNR 2.689 (±0.202) 2.515 (±0.346) 2.631 (±0.106) 2.710 (±0.284)

log vF0 0.223 (±1.031) 0.247 (±0.855) 0.411 (±0.488) 0.372 (±1.151)

log vAm 1.153 (±1.825) 1.473 (±1.465) 1.979 (±0.900) 1.928 (±1.133)

(C) BMSOFF BMSON AMSOFF AMSON

log D2 0.723 (±0.176) 0.823 (±0.170) 0.741 (±0.089) 0.786 (±0.241)

log % jitter −0.501 (±0.635) −0.506 (±0.434) −0.533 (±0.431) −0.619 (±0.428)

log % shimmer 1.635 (±0.399) 1.837 (±0.292) 1.835 (±0.324) 1.541 (±0.222)

log SNR 2.755 (±0.175) 2.604 (±0.168) 2.649 (±0.113) 2.716 (±0.176)

log vF0 0.080 (±0.600) 0.108 (±0.277) 0.125 (±0.555) 0.444 (±0.595)

log vAm 1.675 (±1.446) 2.060 (±0.429) 1.614 (±1.279) 1.468 (±1.732)

(D) BM AM

log D2 1.252 (±0.230) 1.285 (±0.265)

log % jitter −1.064 (±0.532) −0.916 (±0.468)

log % shimmer 1.689 (±0.550) 1.922 (±0.388)

log SNR 2.671 (±0.365) 2.587 (±0.214)

log vF0 0.870 (±1.436) 1.400 (±1.480)

log vAm 2.140 (±1.053) 2.474 (±0.925)
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