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Abstract
Nineteen PD patients who received deep brain stimulation (DBS), 10 non-surgical (control) PD
patients, and 11 non-pathologic age- and gender-matched subjects performed sustained vowel
phonations. The following acoustic measures were obtained on the sustained vowel phonations:
correlation dimension (D2), percent jitter, percent shimmer, SNR, F0, vF0, and vAm. The results
indicated the following: The mean D2 of control PD patients was significantly higher than the
mean D2 of non-pathologic subjects and patients who received deep brain stimulation. These
results suggest an improvement in PD voice in treated patients. Many PD vocal samples in this
study have type 2 signals containing subharmonics that may not be suitable for perturbation
analysis but are suitable for nonlinear dynamic analysis, making the D2 results more reliable.
These findings show that DBS may provide measurable improvement in patients with severe vocal
impairment.

Learning outcomes—Readers will be able to: (1) identify the advantages of nonlinear dynamic
analysis as a clinical tool to evaluate the aperiodic voice commonly found in patients with
Parkinson’s disease, (2) describe in general the method of obtaining a correlation dimension
measure from a voice sample and the significance of this measure in terms of specific voice signal
properties, (3) consider the preliminary implications from nonlinear dynamic analysis of a positive
DBS effect on Parkinsonian voice and the potential for further investigations using nonlinear
dynamic analysis on the influence of gender, severity of disease, and combined treatments on
Parkinsonian voice improvement.

1. Introduction
Parkinson’s disease is a degenerative neurological disease. Symptoms of PD include both
motor and vocal impairment. Impaired Parkinsonian voice has been described as breathy,
tremulous, high-pitched, monotone, soft, and hoarse (Hanson, Gerratt, & Ward, 1984;
Hoffman-Ruddy, Schulz, Vitek, & Evatt, 2001; Ramig, Scherer, Titze, & Ringel, 1988).
Within the last decade, deep brain stimulation (DBS) of the subthalamic nucleus (STN) has
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emerged as a promising surgical option for individuals with advanced PD. The procedure
involves stereotactic implantation of electrode(s) in the STN unilaterally or bilaterally. A
pulse generator, usually located in the subcutaneous subclavicular area, provides chronic
stimulation at the electrode site(s), affecting the loop that involves the cortical areas
connected to the putamen altered in pathologic patients (Benabid, 2003; Broggi, Franzini,
Marras, Romito, & Albanese, 2003).

The purpose of this study is to explore the effects of DBS of the STN on the vocal
characteristics of Parkinsonian patients. Although DBS of the STN has been shown to
greatly improve motor symptoms of PD, the results of this treatment on speech symptoms
are inconsistent (Dromey, Kumar, Lang, & Lozano, 2000; Krack et al., 2003; Vaillancourt et
al., 2004). Previous studies have shown that bilateral DBS of the STN improves maximal
phonation time, vocal intensity level, and fundamental frequency variability, which may
reflect increased subglottal pressure generation and greater laryngeal muscle coordination
(Gentil, Chauvin, Pinto, Pollak, & Benabid, 2001; Gentil, Pinto, Pollack, & Benabid, 2003;
Hoffman-Ruddy et al., 2001). Decreases in acoustic measures such as percent jitter, percent
shimmer, and noise-to-harmonics (NHR) ratio may reflect less hoarseness and breathiness,
two cardinal symptoms of PD voice (Dejonckere et al., 1996; Gentil et al., 2003; Hoffman-
Ruddy et al., 2001; Reijonen, Soderlund, & Rihkanen, 2002). Other studies, however, have
found that DBS of the STN may decrease speech intelligibility and production (Krause,
Fogel, Mayer, Kloss, & Tronnier, 2004, Rousseaux et al., 2004).

Short-term fluctuations in phonatory signal in nearly periodic voice samples can be
quantified using perturbation methods like jitter and shimmer, but these methods are less
useful for severely disordered voices from which a period of sustained phonation is harder to
extract (Karnell, Chang, Smith, & Hoffman, 1997; Titze, 1995). Nonlinear dynamic
analysis, which provides a correlation dimension (D2) value, has recently been shown to be
a valuable way to study phonation with aperiodic segments (Hertrich, Lutzenberger,
Spieker, & Ackerman, 1997; Herzel, Berry, Titze, & Saleh, 1994; Rahn, Chou, Zhang, &
Jiang, 2007; Titze, Baken, & Herzel, 1993; Zhang & Jiang, 2003; Zhang, McGilligan, Zhou,
Vig, & Jiang, 2004). Aperiodic phonation is usually perceived as hoarse or breathy and has
been found to be more prevalent in acoustic samples from PD subjects (Hertrich et al., 1997;
Rahn et al., 2007; Ramig et al., 1988). In this study, both perturbation and nonlinear
dynamic analysis are used.

The main hypothesis is that non-surgical (control) patients have significantly higher
correlation dimension (D2) values than non-pathologic subjects and patients receiving DBS
of the STN. The primary outcome measure is correlation dimension. The secondary outcome
measures are indices of perturbation analysis, specifically percent jitter, percent shimmer,
signal-to-noise ratio (SNR), F0 (fundamental frequency), vF0 (variability in fundamental
frequency), and vAm (peak-to-peak amplitude variation). Previous studies have shown
gender-related differences in the human STN and in the effects of PD on phonation. In
particular, female PD voices often exhibit higher aperiodicity and therefore higher D2 values
than male PD voices, which often have a lack of harmonic source energy, lower
aperiodicity, and a lower D2 value (Hertrich & Ackerman, 1995; Marceglia et al., 2006). In
order to investigate these gender-related differences, D2 is also analyzed by gender.

2. Materials and methods
2.1. Participants

The University of Wisconsin IRB and the Committee of Ethics at Shanghai Second Military
Medical University Hospital approved the testing protocol and the informed consent
procedure used in this study. The attending neurologist recruited 19 patients diagnosed with
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PD, 11 males and 8 females with an average age of 63.84 years, to undergo STN DBS
surgery. The surgical procedure was identical to the procedure discussed by Benabid (2003).
Nine patients had bilateral electrode placement, 7 had left electrode placement, and 3
patients had right electrode placement. Table 1 shows their demographic information and the
disease characteristics prior to surgery. The decision to undergo DBS surgery was made by
the subjects as part of their clinical care independent from the interests of this research
study. Ten patients who did not undergo surgery were also selected to serve as the non-
surgical (control) group. The 10 patients consisted of 6 females and 4 males with a mean age
of 66.80 years (Table 2).

The attending neurologist selected patients by age, gender, Hoehn-Yahr score, UPDRS-III
overall motor score, UPDRS-III Item 18 (speech) score, and PD duration since diagnosis.
Because diagnosis of PD may vary depending on the frequency of doctor visits, Hoehn-Yahr
and UPDRS-III motor scores were more important in the selection process than PD duration
since diagnosis. Patients were selected to be as consistent as possible within each group and
between the surgical and non-surgical groups. Both groups had similar mean UPDRS-III
Item 18 scores, which may indicate similar levels of vocal impairment prior to the study
(Tables 1 and 2).

Patients with vocal deficits caused by diseases other than PD, such as pulmonary diseases
and diseases of the trachea and larynx, were excluded. Before having their voices recorded,
all subjects had a laryngeal endoscopy to screen for any symptoms outside of those common
to PD. Other exclusion criteria included cognitive and hearing impairment and a clinical
diagnosis of depression.

2.2. Participants without Parkinson’s disease
Voice data from 11 non-pathologic subjects was used for comparison purposes. These
participants were part of a separate study using an identical voice testing protocol to produce
sustained vowel phonation. These subjects gave informed consent approved by the
Institutional Review Board at Shanghai EENT Hospital. There were 6 females and 5 males
with an average age of 65.36 years (Table 3). They were free of any speech or voice
disorders as determined by an otolaryngologist via a flexible endoscopic examination.

2.3. Recording procedure
All recordings were taken in the medication-off condition, i.e., withholding medication for
12 h overnight. For patients that received DBS, recordings were taken for the stimulator-on
condition. Then, the stimulator was turned off for 30 minutes, and recordings were taken for
the stimulator-off condition. The stimulator-off recordings, however, were not reported in
this paper because the stimulator-off period was deemed too short. Previous studies indicate
that a stimulator must be turned off for a minimum of 12 h so as to achieve the true
“stimulator-off” condition to detect voice changes (Santens, De Letter, Van Borsel, De
Reuck, & Caemaert, 2003). For patients in the control group, the recordings were taken
once.

At each time period, sustained /a/ vowel phonations of no less than 5 s 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° angle. Audio files were recorded at a
sampling rate of 25 kHz using Multispeech software (Kay Elemetrics Corporation, Lincoln
Park, NJ). Patients were directed to perform sustained phonations within their normal vocal
range. For each patient, five replicate recordings in each of the two conditions were taken,
and three replicates randomly selected for vocal analysis. One-second segments were cut
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from the middle of these sustained voices, eliminating the offset and onset of the sustained
phonation, and processed using nonlinear dynamic and perturbation analysis.

2.4. Blindness to the treatment factor
Different individuals were involved in data collection and data analysis. The neurologist
selected all non-pathologic subjects and PD patients, both non-surgical and surgical. Two
research assistants assisted in data collection, one controlling the stimulator and another,
blind to the stimulator condition, directing the patient to perform the sustained phonations.
The patient was also unaware of whether the stimulator was on or off. Therefore, the data
collection satisfied double blindness. Another research assistant analyzed the data and was
also blinded to the stimulator conditions. Therefore, blindness was also achieved at this
stage of data processing.

2.5. Nonlinear dynamic analysis
The theory and usage of nonlinear dynamic methods, including phase space reconstructions
and correlation dimensions, have been elaborately described in previous literature (Herzel et
al., 1994; Jiang, Zhang, & Ford, 2003; Kumar & Mullick, 1996; Narayanan & Alwan, 1995;
Titze et al., 1993). The reconstructed phase space shows the vibrations of the vocal folds as
a function of time, with a periodic signal appearing as a closed trajectory and an aperiodic
signal irregular and chaotic (Rahn et al., 2007; Jiang, Zhang, & McGilligan, 2006). Plotting
a time series against itself at some time delay τ produces the reconstructed phase space. Fig.
1 shows phonatory time series

(1)

from (Fig. 1a) a control patient and (Fig. 1b) a stimulated patient sampled at:

(2)

The duration of the analysis window was 1 s (or 25,000 samples). Fig. 2 depicts 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 correlation dimension procedure measures the correlation of any two points in the phase
space trajectory and therefore the complexity and irregularity of the phase space trajectory.
Based on correlation dimension, trajectories can be classified in order of increasing D2 in
one of four states: (1) zero-dimensional fixed point (static states), (2) one-dimensional limit
cycle (periodic oscillations), (3) two-dimensional quasi-periodic torus (two or more
oscillations with no rationally dependent frequencies), and (4) fractal-dimensional chaotic
(aperiodic oscillations). As a result, higher dimensionality D2 is characteristic of higher
aperiodic vocal pathology and more severely impaired Parkinsonian voice. The estimated D2
of a chaotic system converges to a finite value given enough degrees of freedom whereas the
estimated D2 of random white noise does not, and thus, correlation dimension can
distinguish chaos from random white noise. Therefore, a higher D2 value implies
aperiodicity and a higher degree of chaos in the voice, not increased randomness or
noisiness (Jiang et al., 2006).

To analyze the PD voices in this study, correlation dimension calculations were determined
based on past research of excised larynx phonations and live human voices (Jiang et al.,
2003; Jiang et al., 2006; Zhang & Jiang, 2003; Zhang et al., 2004; Zhang, Jiang, Biazzo, &
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Jorgensen, 2005). The mathematical details of this method are presented in previous studies
(Jiang et al., 2003; Zhang, Jiang, & Rahn, 2005; Zhang, Jiang, Wallace, & Zhou, 2005).
Briefly, Grassberger and Procaccia’s correlation dimension (1983) was calculated based on
the definition,

(3)

(4)

where r is the radius around Xi and C was calculated using Theiler’s formula (1986). W was
set as the time delay τ and θ(x) satisfies

(5)

The correlation dimension is obtained with a linear curve fit to D2 vs. r in the scaling region
where the slopes of these two curves increase transiently and then converge as embedding
dimension m is increased. Fig. 3 shows the curves D2 vs. r from the same voice sample of
the stimulated patient as shown in Fig. 1b. The slopes of the D2 vs. r curves approach 3.038
± 0.004 in the indicated scaling region, which is the estimated D2 of this voice. Using the
steps outlined above, phonatory time series from stimulated and control patients were
analyzed.

2.6. Perturbation analysis
The three, 1s segments of sustained phonations were analyzed using Cspeech 4.0 software
(Paul Milenkovic, Madison, WI). In Cspeech, an analysis window is constructed based on an
estimate of the fundamental frequency of the vocal waveform entered by the data analyzer.
Cspeech then uses a least mean square fit of a waveform model to estimate the pitch period.
This process is repeated for all points in the waveform (Karnell, Hall, & Landahl, 1995).

Percent jitter, percent shimmer, and signal-to-noise ratio values were obtained for the vocal
recordings of each patient. Cspeech continues to run the algorithm to extract a pitch period
after repeated failed attempts to “compute a pitch period consistent with the peak of the
autocorrelation function,” which may occur in aperiodic waveforms (Milenkovic & Read,
1992). Err, which is calculated by Cspeech for each waveform, indicates the number of
times the algorithm failed. An inaccurate pitch estimate or aperiodic vocal sample may have
err values greater than 10, indicating that perturbation analysis may be unreliable
(Milenkovic & Read, 1992). Percent jitter, percent shimmer, and SNR for a sample were
eliminated if the err was greater than 10 (33% of the samples).

The Multi-Dimensional Voice Program (MDVP), model 5105, Version 2.0 (Kay Elemetrics
Corporation), was used to obtain the perturbation measures of F0, vF0, and vAm from the
sustained vowel phonations.

2.7. Statistical analysis
Means were calculated for each of the seven voice indices (D2, percent jitter, percent
shimmer, SNR, F0, vF0, vAm) for each of the groups (non-pathologic, non-surgical, and
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surgical). Means were also calculated by gender for D2 and F0 values. An unpaired
Wilcoxon rank sum test was used to test for differences between the groups. Statistical p-
values less than 0.05 were considered significant for testing the main hypothesis as well as
for the secondary outcome measures. Statistical computations were run on STATA 10.0
(Statacorp, College Station, TX).

To test the main hypothesis, the Wilcoxon rank sum test was run to compare the mean D2
values of the non-pathologic, non-surgical, and surgical groups. This was the primary
outcome measure. Additional comparisons were run to explore differences related to gender.
Because of the additional comparisons, the significance level was adjusted to p < 0.0167
using the Bonferroni correction.

The secondary outcome measures were indices of perturbation analysis, specifically percent
jitter, percent shimmer, signal-to-noise ratio, F 0 (fundamental frequency), vF0 (variability
in fundamental frequency), and vAm (peak-to-peak amplitude variation). Wilcoxon rank
sum tests were run for each of the six indices, comparing non-pathologic, non-surgical, and
surgical groups. Because of group comparisons across six indices, the significance level was
p < 0.0083 using the Bonferroni correction.

3. Results
3.1. Aperiodicity of vocal samples and waveform analysis

Fig. 1 shows representative acoustic waveforms of PD voices for a control patient and a
stimulated patient. The signals are classified as type 2 signals, meaning that modulations and
subharmonics are present, as shown in the waveforms. Type 2 signals may be unsuitable for
perturbation analysis. As many of the voices in this study had similar waveforms, many
samples had type 2 signals or even type 3 signals, which are described as aperiodic and
chaotic and unsuitable for perturbation analysis. The waveform of the control voice
exhibited stronger modulations and subharmonics than the waveform of the stimulated
voice. Most waveform comparisons of control voices to stimulated voices followed this
trend.

3.2. Perturbation and nonlinear dynamic analysis
Table 4 shows the mean D2, percent jitter, percent shimmer, SNR, F 0, vF0, and vAm values
for non-pathologic subjects and non-surgical and surgical PD patients. Table 5 summarizes
the p-values for the statistical comparisons of these groups.

Using the adjusted p-values for comparisons of D2, the mean D2 value of the non-surgical
group was significantly higher than the mean D2 value of the non-pathologic group (p <
0.0001) and the surgical group (p < 0.0001). The mean D2 values were further analyzed by
gender. The mean D2 value of non-surgical males and females was significantly higher than
the mean D2 value of non-pathologic males (p = 0.0108) and females (p = 0.0010)
respectively. The mean D2 value of non-surgical males was significantly higher than the
mean D2 value of surgical males (p = 0.0003).

Using the adjusted p-values for comparisons of perturbation measures, the mean percent
shimmer of the non-pathologic group was significantly lower than the mean percent
shimmer of the non-surgical (p = 0.0004) and surgical (p = 0.0002) groups. The mean SNR
of the non-pathologic group was significantly higher than the mean SNR of the non-surgical
(p = 0.0007) and surgical (p = 0.0001) groups. Mean F 0 was significantly higher in the non-
pathologic group than in the surgical group (p = 0.0001). Mean F 0 was significantly higher
in the non-surgical group than in the surgical group (p = 0.0041).
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4. Discussion
The mean D2 value was significantly higher for the non-surgical group than for the non-
pathologic subjects, supporting the validity of D2 in discerning vocal signal quality
differences. The mean D2 value of the non-surgical group was significantly higher than the
mean D2 value of the surgical group, reflecting an improvement in voice signal quality with
DBS of the STN.

Correlation dimension (D2) represents a distinct and important property of vocal signal, i.e.
complexity in terms of degrees of freedom, and is useful for evaluating vocal irregularity in
PD where traditional perturbation measures may be unsuitable. The decreased D2 value of
stimulated patients may indicate a decrease in vocal fold rigidity and stiffness, two vocal
symptoms commonly associated with PD. The simultaneous contraction of the opposing
thyroarytenoid and cricothyroid muscles to shorten and lengthen the vocal folds is believed
to cause the vocal stiffness found in PD patients (Gallena, Smith, Zeffiro, & Ludlow, 2001).
This simultaneous contraction may result in asymmetric stiffness and non-coordinated
movement of the vocal folds, which may induce subharmonics and chaos in the voice
quantified by correlation dimension (Behrman & Baken, 1996; Rahn et al., 2007).

Mean D2 values were also statistically compared by gender. The mean D2 values of non-
surgical males and females were significantly higher than mean D2 values of non-pathologic
males and females with no significant differences by gender between surgical males and
females and non-pathologic males and females, suggesting an improvement in voice signal
quality for both genders in treated patients. Only the mean D2 value of non-surgical males,
however, was significantly higher than the mean D2 value of surgical males, indicating
greater vocal improvements from DBS in males. Previous studies have shown gender-
related differences in PD voices, perhaps because of differences in laryngeal size and
differences in the STN (Hertrich & Ackerman, 1995; Marceglia et al., 2006). Gender-
specific vocal signal effects of DBS deserve further analysis. The results of our study should
be regarded cautiously because of the small sample sizes.

Previous studies have shown that nonlinear dynamic analysis can differentiate patients with
normal voices from patients with unilateral laryngeal paralysis or Parkinson’s disease (Rahn
et al., 2007; Zhang, Jiang, Biazzo, et al.) Another study used nonlinear dynamic analysis to
distinguish voice before and after surgical excision of vocal polyps (Zhang et al., 2004).
This study extends the use of nonlinear dynamic analysis to evaluating the effectiveness of
DBS of the STN on Parkinsonian voice.

Fundamental frequency was significantly higher in the non-pathologic and non-surgical
groups than in the surgical group, indicating a shift in fundamental frequency away from
normal values in treated patients. As mean fundamental frequency was not tested by gender,
these results should be interpreted with caution and deserve further analysis to determine
their validity.

Mean percent jitter and shimmer show significantly higher values in the non-surgical and
surgical groups than in the non-pathologic group. In the case of the surgical PD and non-
pathologic group comparison, the perturbation measures of percent jitter and shimmer detect
vocal differences that D2 does not. These results suggest the use of D2 as a complementary
rather than substitute measure for traditional perturbation measures. A possible explanation
for the lack of significant differences in perturbation measures between the non-surgical and
surgical groups may be the vocal signals used in this study. As shown in Fig. 1, many of the
signals can be classified as type 2 or even type 3 signals. Type 2 signals contain modulations
and subharmonics, and type 3 signals are aperiodic and chaotic. Both signals are unsuitable
for perturbation analysis (Milenkovic & Read, 1992). As a result, greater emphasis may be
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placed on the results from nonlinear dynamic analysis, which are valid for both nearly
periodic and aperiodic voice, rather than on the results of traditional perturbation analysis,
which are unreliable for aperiodic voice (Hertrich & Ackerman, 1995; Herzel et al., 1994;
Rahn et al., 2007; Titze et al., 1993; Zhang & Jiang, 2003; Zhang et al., 2004).

Other studies have also evaluated traditional perturbation measures, such as percent jitter,
percent shimmer, and noise-to-harmonics ratio, and found that they decreased significantly
after DBS, reflecting an improvement in PD voice (Dejonckere et al., 1996; Gentil et al.,
2003; Hoffman-Ruddy et al., 2001; Reijonen et al., 2002). The PD voices in these studies,
however, may have been less impaired and less aperiodic, and therefore, would be suitable
for traditional perturbation measures.

The non-surgical group is composed of different individuals from the surgical group,
although great care was taken to match the two groups as closely as possible, not only in age
and gender ratios but also in Hoehn-Yahr and UPDRS-III motor scores (Tables 1 and 2). By
establishing similar baseline levels of vocal impairment between non-surgical and surgical
patients, we may better attribute differences in vocal measures between the groups to the
effect of the stimulation. Sample sizes of surgical studies are usually relatively small
because of the stringent inclusion/exclusion criteria for patients to qualify for DBS surgery
(Dromey et al., 2000; Gentil, Garcia-Ruiz, Pollak, & Benabid, 1999; Taha, Janszen, &
Favre, 1999).

Future studies could investigate the effects of DBS treatment used in conjunction with
levodopa treatment as they may improve different symptoms of Parkinson’s disease. Other
studies could also investigate whether severity of disease (in terms of UPDRS motor score,
years since onset, or another measure) is related to aperiodicity of voice in Parkinson’s
disease and whether the severity affects the usefulness of DBS treatment.
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Appendix A. Continuing education
1. Which voice outcome measure has been shown to be more reliable for evaluating a

periodic voice?

a. Percent jitter.

b. Signal-to-noise ratio.

c. Correlation dimension.

d. Percent shimmer.

2. Why are perturbation methods often unreliable for evaluating treatment effects on
Parkinsonian voice?

a. Clinical treatments like deep brain stimulation often target aspects of
Parkinsonian voice not quantified by perturbation methods.

b. Perturbation methods require the extraction of a stable pitch period from
the sustained phonation, which is often difficult for Parkinsonian voice.

c. Perturbation methods cannot be associated to perceptual aspects of
Parkinsonian voice, and as a result have no clinical relevance.
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d. The computer programs for perturbation methods are not standardized,
making these methods difficult to use for evaluating treatment effects.

3. What specific property of the voice signal does nonlinear dynamic analysis
evaluate?

a. Vocal intensity level.

b. Complexity in terms of degrees of freedom (vocal irregularity).

c. Fundamental frequency variability.

d. Laryngeal muscle coordination.

4. Which type(s) of voice signals have modulations and subharmonics?

a. Type 1.

b. Type 2.

c. Type 3.

d. Both (b and c).

e. All of the above.

5. What does a decreased correlation dimension value for a Parkinsonian voice most
directly indicate?

a. Decreased vocal fold stiffness.

b. Improved vocal intensity.

c. Improved maximal phonation time.

d. Increased subglottal pressure generation.
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Fig. 1.
Parkinsonian voice acoustic waveforms of patients that (a) did not receive DBS in the
medication-off state (control) and (b) received DBS in the stimulator-on and medication-off
state. Note the presence of subharmonics in the waveform of control patients. Figure was
magnified.
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Fig. 2.
The reconstructed phase space of a Parkinsonian voice in this study.
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Fig. 3.
The estimated D2 value vs. r. The curves from bottom to top correspond to the embedding
dimension m = 1, 2, 3, …, 10.
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Table 3

Gender and age for non-pathologic subjects

Patient # Gender Age

1 Female 63

2 Female 71

3 Female 62

4 Female 66

5 Female 64

6 Female 70

7 Male 56

8 Male 63

9 Male 67

10 Male 60

11 Male 77

Mean N/A 65.36
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