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Abstract
Background—Phonatory onset is important for speech and voice and may be substantially
impaired in people with Parkinson’s Disease (PD). However, the physiologic contributions of
laryngeal and respiratory control to phonatory onset in PD are not well understood. Acoustic
measurement of phonatory onset in neurological disease has been limited due to the confounding
effects of dysarthria and the limited yield of physiologic detail.

Objective—The purpose of this study was to test whether air flow measures would be useful to
characterize respiratory and laryngeal contributions to phonatory onset, whether acoustic and air
flow measures of phonatory onset were aberrant in PD, and whether deficits were significantly
associated with voice severity.

Methods—Twenty-one PD participants were tested and compared with 25 healthy controls.
Testing included acoustic and air flow measures of phonatory onset during syllable production
([pa]) and measures of voice severity.

Results—Air flow assessment was possible for all participants; acoustic assessment was only
possible for 86% of PD participants. Air flow and acoustic measures revealed shorter phonatory
onset times for PD participants than controls. Air flow measures also revealed that PD participants
expelled less lung air volume per syllable. Aberrant timing of phonatory onset and reduced lung
air volume were associated with increased voice severity.

Conclusions—These findings suggest that air flow measures may be useful to assess the
laryngeal and respiratory contributions to phonatory onset. These results also suggest that both
respiratory and laryngeal control deficits may contribute to phonatory errors in PD, and that
phonatory onset deficits are associated with voice severity.
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INTRODUCTION
Parkinson’s disease (PD) results in detrimental effects on sensory and motor functions of the
limbs and airway [1–6]. PD participants exhibit degradation in force recruitment,
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displacement, velocity, and acceleration of limb movements [7, 8]. Similarly, PD may be
associated with abnormal patterns of laryngeal and respiratory muscle activity, reduced vital
capacity, phonatory onset and offset errors, and increased effort required for speech and
voice [9–15]. Voicing errors related to deficits in laryngeal and respiratory sensori-motor
control may contribute to linguistic confusion, and further communicative impairment.
However, no physiological studies have examined the laryngeal and respiratory
contributions to phonatory onset in PD compared with healthy controls.

Assessing the laryngeal and respiratory contributions to phonatory onset is challenging, in
part, because the larynx is difficult to access. Yet such assessment is vital to understand how
changes in physiology may relate to neurological disease. Acoustic measures of voice onset
time (VOT) have been employed to examine the timing of phonatory onset in neurological
disease and aging [10–12, 16–20]. VOT for the syllable [pa] is defined as the time (ms) from
the release of the consonant [p] to the first cycle of voicing in the vowel [a]. However, VOT
measurement is time consuming and technically challenging, especially when the acoustic
signal is contaminated by dysphonic noise as may be commonly observed in neurological
diseases [21, 22]. Therefore, acoustic measurement of VOT has been used sparingly in
clinical practice. Moreover, VOT yields a limited amount of detail from which to make
physiological inferences. In contrast, aerodynamic measures may provide a useful
alternative or supplement to assess the control of phonatory onset.

Analysis of low-pass filtered translaryngeal air flow has been fruitful in characterizing both
the respiratory and laryngeal subsystems during phonatory onset in PD [2, 23]. During
phonatory onset, there is a nonlinear declination or decay in translaryngeal air flow from
peak air flow (following plosive release, [p]) to air flow during “steady state” phonation
([a]) as shown in Fig. 1. This declination in translaryngeal air flow may be modeled using
the exponential decay equation y = a + b*e−k*t, where the decay term k indicates how soon
the air flow waveform reaches the steady state, and thus reflects the timing of phonatory
onset. Therefore, a difference in the magnitude of the k term would reflect a difference in
the timing of phonatory onset. In addition, the translaryngeal air flow signal (cc/sec) may be
integrated to estimate lung air volume (cc) expelled per syllable. Therefore, this
aerodynamic analysis may provide information about both laryngeal and respiratory
contributions to phonatory onset during speech.

Impaired control of phonatory onset may significantly impact voicing and communication
[9–12, 16]. However, acoustic VOT analysis may be limited in clinical assessment of
neurological diseases, including PD [21, 22]. Therefore, the purpose of the present study
was to compare the laryngeal and respiratory contributions to phonatory onset in PD
participants with healthy controls using the declination in the air flow signal and acoustic
measures of VOT. It was hypothesized that the PD participants would exhibit shorter VOT
and a larger decay term k in the signal compared with controls, reflecting a shorter time for
phonatory onset. The PD participants were also hypothesized to expel less lung air volume
per syllable than controls. The k (decay term) and lung air volume expelled per syllable
were hypothesized to be correlated with VOT, and all three measures were hypothesized to
be correlated with clinical indices of voice severity.

MATERIALS AND METHODS
Participants

This investigation was conducted in accordance with NIH regulations for the ethical
treatment of human subjects. The protocol in this investigation was approved by the local
institutional ethics committee for the safety of human subjects. Participants were informed
of the general purposes of the study and written informed consent was obtained prior to
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enrolling any participants in the study. A total of 46 adults were enrolled in the present study
including 21 individuals (10 men, 11 women) with PD, and 25 individuals (14 men, 11
women) as healthy age-matched controls. Mean and standard deviation of age were 72 (7)
years for PD, and 76 (5) years for control participants.

Inclusion in the PD group was limited to participants with no history of other neurological or
psychiatric disease and otherwise good health. Mean time since PD onset was 6.5 (5) years,
and Hoehn & Yahr score [24] was 3 (0.7) and PD participants were tested a minimum of 12
hours since taking their last dose of anti-PD medication. Control subjects were in good
general health, with normal breathing, speech, swallow, and voice, and with no history of
neurological or psychiatric disease. All participants were non-smokers. Clinical voice
assessment was also completed for each individual by a certified speech language
pathologist to index voice severity using the Consensus Auditory Perceptual Evaluation of
Voice (CAPE-V) [25]. The CAPE-V is an auditory-perceptual assessment tool to describe
the severity of a voice problem. Mean and standard deviation of global CAPE-V scores were
49 (18) for PD, and 8 (8) for controls.

Speech analysis and digital signal processing
The air flow and acoustic procedures below were described previously [2, 23]. While
comfortably seated in an exam chair, participants were instructed to say [pa] at a rate of 2
syllables per second at a comfortable pitch and loudness level. Translaryngeal air flow was
channeled through a Puritan-Bennett full-face respiratory mask (model 5253) and a Hans
Rudolph pneumotachometer (model R4719). A Honeywell Microswitch pressure transducer
(model 163PC01D36) was used to sample the pressure drop through the pneumotachometer.
The air flow signal was conditioned and filtered by Biocommunication Electronics 201
bridge amplifiers (LP -3 dB @ 50 Hz, Butterworth 3-pole). A 500 cc/sec flow source
(Glottal Enterprises model MCU-2) was used to calibrate the air flow transducer. Air flow
was digitized at 1,000 Hz per channel at 16 bits of vertical resolution (±10 V ADC) using
ADInstruments PowerLab/16sp and Chart (v5.41), and saved as ASCII files. The speech
acoustic signal was transduced using a Sony condenser microphone positioned 15 cm from
the mouth and digitized at 20 kHz.

Air flow waveforms from an average of 280 spoken syllables of [pa] per participant were
signal averaged for each individual and analyzed using custom written routines in MATLAB
(v7.0.4). Initial and final syllables for each test trial were excluded to eliminate utterance
end-effects. For each syllable, a 100 ms-wide window was selected beginning at the peak in
the air flow signal through the region of the waveform during steady-state phonation (See
Fig. 1). Data within this 100 ms analysis window were isolated and the waveforms were
averaged for each participant. For each participant, exponential nonlinear fits of these air
flow waveforms were performed to determine the decay term (k), using the exponential
decay equation y = a + b*e−k*t (SigmaPlot 10.0). The magnitude of the decay term k from
this nonlinear fit indicates how soon the air flow waveform reaches the steady state, and thus
reflects the timing of phonatory onset.

The air flow signal (cc/sec) for each participant was then integrated to estimate lung air
volume (cc) expelled per syllable using a partial sums algorithm (Minitab, v15). Acoustic
measurement of voice onset time (VOT) for 10 spoken syllables of [pa] per participant was
performed using MultiSpeech (KayPENTAX) as previously described [10, 16, 26] by
measuring the time from the release of the consonant [p] to the first cycle of voicing in the
vowel [a].

Hammer Page 3

J Parkinsons Dis. Author manuscript; available in PMC 2013 June 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Statistical analysis
An ANCOVA design was used to test group differences to control for the covariates of age
and sex [16–19, 27–30]. The Pearson product moment correlation coefficient was used to
test for a correlation of the decay term k and lung air volume with VOT, and for a
correlation between each of these three variables with a clinical measure of voice severity
(i.e., CAPE-V). The criterion level for significance for each test was set at α = 0.05.

RESULTS
Individual participant mean air flow waveforms, group mean waveforms, and nonlinear fits
for each group are displayed in Fig. 2. Nonlinear fit of the air flow waveforms yielded
excellent fit for each participant with mean r2 of 0.98966 (range 0.95570 to 0.99950; all p <
0.0001). PD participants exhibited a shorter VOT, exhibited a larger air flow decay constant
k, and expended less lung air volume per syllable than controls (Fig. 3). Mean VOT for each
group is also plotted as a vertical reference line in Fig. 2. Aerodynamic assessment was
possible for all participants. However, VOT measurements were only possible for 18/21
(86%) PD participants due to dysphonia. Ten percent of the VOT data were reanalyzed and
revealed high test-retest reliability (r = 0.99, p < 0.01) with differences less than 5 ms.

There were medium correlations between VOT and the decay constant k (r = −0.59, p <
0.001), and between VOT and lung air volume expended per syllable (r = 0.50, p < 0.005),
indicating that larger k and smaller lung air volume were associated with shorter VOT. Lung
air volume expended per syllable (r = −0.66, p < 0.001) and VOT (r = −0.60, p < 0.001)
correlations with voice severity were large, indicating that smaller lung air volume and
shorter VOT were associated with increased voice severity. Correlation of the k decay term
with voice severity was non-significant (r = 0.28, p > 0.127).

DISCUSSION
This study presents the first data comparing the laryngeal and respiratory contributions to
phonatory onset in PD with healthy controls. The results generally supported the
experimental hypotheses. In summary, individuals with PD exhibited shorter phonatory
onset time, exhibited a larger k constant, and expelled less lung air volume per syllable than
healthy controls. Lung air volume and k were correlated with VOT; lung air volume and
VOT were correlated with voice severity. However, the correlation between voice severity
and the k constant was non-significant. Analysis of the air flow signal was possible for all 46
(100%) participants, but acoustic VOT measurement was only possible for 18/21 (86%) PD
participants.

The finding from the present investigation that the timing of phonatory onset in PD was
aberrant compared to healthy controls was consistent with the important role of the basal
ganglia and related neural circuits [31] in scaling parameters of movement control (e.g.,
displacement, velocity) and the decreased movement magnitude (hypokinesia) and velocity
(bradykinesia) in PD described in other studies [6,8]. The findings using aerodynamic and
acoustic measures of phonatory onset were also consistent with previous reports that
employed acoustic measures of voice onset time for [pa]. Previous investigations revealed
that individuals with PD exhibited acoustic voice onset times for [pa] that were shorter than
that of healthy controls [10, 16]. These and other authors [19] interpreted shorter voice onset
times for [pa] to reflect a possible compensatory adjustment by the larynx in which the
initial vocal fold (and arytenoid) position may be postured closer to the target prior to
movement onset. Such an early adjustment may serve to reduce the magnitude of distance
required to reach the target position in an attempt to compensate for reduced movement
velocity. Similarly, patterns of reduced magnitude of orofacial movement and shorter voice
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onset time in older and neurologically impaired individuals have been interpreted as a
possible attempt to compensate for reduced movement velocity [17, 18, 20].

In addition, previous studies identified a significant association between respiratory volume
and voice onset time. In these studies, it may be that smaller scaling of vital capacity,
accompanied by a higher, and possibly more cranial diaphragm position, imposing less
caudally directed opposition by the diaphragm and respiratory trunk to vocal fold
medialization, may have accounted for shorter time for voice onset [32]. Given that many
individuals with PD exhibited reduced vital capacity during speech [33, 13], and that voice
onset time is correlated with vital capacity [32], it was reasonable to expect that individuals
with PD in the present study may also have reduced lung volume during syllable production
accompanied by shorter time for the arytenoids/vocal folds to approach the midline. In the
present study, shorter voice onset times and larger k (i.e., phonatory onset began sooner),
and smaller lung volume expelled per syllable during [pa] production in PD, including
medium correlations between VOT and k with lung air volume, were observations that were
consistent with this expectation. These observations may suggest reduced scaling of
movement parameters (e.g., displacement, velocity) related to phonatory onset, and may
represent an attempt to compensate for such movement deficits.

However, the possible “compensations” described above are not necessarily advantageous.
The phonemic identity of [pa] (as in “pot”) depends in part upon an appreciably longer
phonatory onset time than would be required for [ba] (as in “bought”). If the timing of vocal
fold medialization, or phonatory onset, occurs too soon for [pa], it may be perceived by the
listener as [ba], resulting in potential linguistic confusion. These voicing errors using
acoustic measures have been previously described as a primary feature of dysarthria in PD
[11, 12]. Aerodynamic analysis may be helpful to identify the laryngeal and respiratory
contributions to these phonatory onset errors. Lung air volume and VOT correlations with
voice severity were large, indicating that smaller lung air volume and shorter VOT were
associated with increased voice severity. Accordingly, individuals with aberrant laryngeal
and respiratory control also exhibited increased voice severity.

Aerodynamic analysis of phonatory onset may be a particularly helpful complement to
traditional acoustic measures of VOT given the dependence of VOT measurement on a clear
acoustic signal. Aerodynamic analysis for the present study was based on the physiology of
the low-pass filtered translaryngeal air flow signal. Acoustic VOT may often be difficult to
extract from the acoustic signal of a speaker with dysarthria, and this limitation is
particularly problematic when attempting to study individuals with neurological disorders
[21]. In the present study, aerodynamic analysis was possible for all participants, but
acoustic VOT measurement was only possible for 18/21 (86%) PD participants. Therefore,
the air flow analysis employed in the present investigation may be a valuable alternative or
supplement to acoustic analyses in future work.

However, aerodynamic and acoustic analyses are limited as they do not permit direct
observation of the kinematics of arytenoid/vocal fold medialization for the onset of vocal
fold vibration. Therefore, future studies to compare acoustic, perceptual, and
videoendoscopic or high speed video measures of phonatory onset and arytenoid/vocal fold
medialization with these aerodynamic measures are warranted [34]. Given the degree to
which the magnitude and timing of arytenoid/vocal fold medialization may covary with vital
capacity, future studies should also carefully consider inclusion of volume-calibrated
measures of respiratory function. Finally, in this study syllable production ([pa]) revealed
compelling results, yet other and more complex speech-related tasks may provide a more
representative view of the variety of potential speech-related changes that accompany PD.
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CONCLUSION
The laryngeal and respiratory contributions to control of phonatory onset in PD are not well
understood. In the present study, the application of physiological measures of speech
aerodynamics provided a non-invasive index to detect significant changes in the control of
phonatory onset. The results of the present investigation led to the conclusion that PD
participants exhibited evidence of aberrant (i.e., shorter) timing of phonatory onset, reduced
lung air volume expelled per syllable, and that these deficits were strongly associated with
increased voice severity. These present findings demonstrated the important laryngeal and
respiratory contributions to phonatory onset, the important role of the basal ganglia and
related neural circuits to control these movement parameters, and how these important
functions are affected in PD. Air flow measures of phonatory onset may be useful within a
more comprehensive battery of measures to assess the dynamics of phonatory control in
people with PD.
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Fig. 1.
Air flow waveform for the spoken production of the syllable [pa]. A 100 ms analysis
window outlined by the rectangle begins at peak translaryngeal air flow (A) and extends into
steady state phonation. The declination in air flow (B) displayed in this window is associated
with the onset of phonation.
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Fig. 2.
Individual participant (mean) air flow declination waverforms (top row), group mean
waveform (middle row), and nonlinear fit (bottom row) are displayed for control and PD
participants. Nonlinear fits were modeled using the exponential decay equation y = a +
b*e−k*t; the decay term k from this fit reflects the timing of phonatory onset. Group mean
acoustic voice onset time (VOT) is displayed on each plot as a vertical reference line.
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Fig. 3.
Acoustic voice onset time (ms), lung air volume expended per syllable (cc), and air flow
decay constant k for control and PD participants. Bar height represents the mean value with
standard error of the mean for each group. Please note use of a logarithmic scale on the
vertical axis.
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