
JSLHR
Research Article
aDepartment
bCenter for L
Massachusett
cSpeech and H
Medical Scho
dMGH Institu
eDepartment
Santa María,

Corresponden

Editor-in-Chi
Editor: Jack J

Received Apr
Revision rece
Accepted Jun
https://doi.org

Journal of S

Dow
Glottal Aerodynamics Estimated From
Neck-Surface Vibration in Women With
Phonotraumatic and Nonphonotraumatic

Vocal Hyperfunction

Víctor M. Espinoza,a Daryush D. Mehta,b,c,d Jarrad H. Van Stan,b,c,d

Robert E. Hillman,b,c,d and Matías Zañartue
Purpose: The purpose of this study was to determine
whether estimates of glottal aerodynamic measures
based on neck-surface vibration are comparable to those
previously obtained using oral airflow and air pressure
signals (Espinoza et al., 2017) in terms of discriminating
patients with phonotraumatic and nonphonotraumatic vocal
hyperfunction (PVH and NPVH) from vocally healthy controls.
Method: Consecutive /pae/ syllables at comfortable and
loud level were produced by 16 women with PVH (organic
vocal fold lesions), 16 women with NPVH (primary muscle
tension dysphonia), and 32 vocally healthy women who
were each matched to a patient according to age and
occupation. Subglottal impedance-based inverse filtering
of the anterior neck-surface accelerometer (ACC) signal
yielded estimates of peak-to-peak glottal airflow, open
quotient, and maximum flow declination rate. Average
subglottal pressure and microphone-based sound pressure
level (SPL) were also estimated from the ACC signal using
subject-specific linear regression models. The ACC-based
measures of glottal aerodynamics were normalized for SPL
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and statistically compared between each patient and
matched-control group.
Results: Patients with PVH and NPVH exhibited lower
SPL-normalized glottal aerodynamics values than their
respective control subjects (p values ranging from < .01 to
.07) with very large effect sizes (1.04–2.16), regardless of
loudness condition or measurement method (i.e., ACC-based
values maintained discriminatory power).
Conclusions: The results of this study demonstrate that
ACC-based estimates of most glottal aerodynamic
measures are comparable to those previously obtained
from oral airflow and air pressure (Espinoza et al., 2017)
in terms of differentiating between hyperfunctional (PVH
and NPVH) and normal vocal function. ACC-based
estimates of glottal aerodynamic measures may be used
to assess vocal function during continuous speech
and enables this assessment of daily voice use during
ambulatory monitoring to provide better insight into the
pathophysiological mechanisms associated with vocal
hyperfunction.
Voice disorders affect approximately 30% of the adult
population in the United States at some point in their
lives (Roy et al., 2005), with the most common be-

ing associated with vocal hyperfunction (VH; Bhattacharyya,
2014). VH refers to “chronic conditions of abuse and/or
misuse of the vocal mechanism due to excessive and/or
‘imbalanced’ muscular forces” (Hillman et al., 1989) and
manifests as two types of disorders: (a) phonotraumatic VH
(PVH), which causes trauma to vocal fold tissue and the for-
mation of lesions (e.g., nodules and polyps); and (b) non-
phonotraumatic VH (NPVH), which causes dysphonia and
vocal fatigue in the absence of vocal fold tissue trauma or other
conditions that could affect phonation (Mehta et al., 2015).
Disclosure: Robert Hillman has a financial interest in InnoVoyce LLC, a company
focused on developing and commercializing technologies for the prevention, diagnosis
and treatment of voice-related disorders. Robert Hillman’s interests were reviewed
and are managed by Massachusetts General Hospital and Partners HealthCare in
accordance with their conflict of interest policies.
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Figure 1. Representation of the neck skin and subglottal system.
(a) Accelerometer position and sub1 and sub2 system parts. (b) A
mechano-acoustic analogy of the subglottal system including load
impedance from skin. © 2013 IEEE. Reprinted, with permission,
from Zañartu et al. (2013).
Previous work has shown that the pathophysiological
mechanisms for the two types of VH can be described and
differentiated using estimates of glottal aerodynamic pa-
rameters that are normalized for sound pressure level (SPL;
Espinoza et al., 2017; Hillman et al., 1989). The measures
are obtained in the laboratory using specialized equipment
and methods that include inverse filtering the oral volume
velocity (OVV) airflow that is captured using a circumfer-
entially vented face mask to achieve an adequate frequency
response (Rothenberg, 1973). The salient measures are ex-
tracted from acoustic and aerodynamic recordings of /pae/
nonsense syllable repetitions and include subglottal air pres-
sure (SGP, estimated from the intraoral air pressure [IOP]
during the /p/ consonants) and three measures extracted
from inverse-filtered estimates of the glottal volume velocity
waveform during the /ae/ vowels: (a) peak-to-peak ampli-
tude of the unsteady airflow (ACFL), (b) maximum flow
declination rate (MFDR, defined as the absolute negative
peak of the first derivative of the waveform), and (c) open
quotient (OQ, defined as the ratio of the open phase to the
total cycle duration, wherein the open and closure time points
were obtained at 5% amplitude between minimum and peak
flow).

A recent study (Espinoza et al., 2017) used the SPL-
normalized aerodynamic measures to assess vocal function
in women diagnosed as having PVH or NPVH along with
matched vocally healthy controls that were in large enough
groups to statistically validate the observations made in an
earlier descriptive study of VH (Hillman et al., 1989). The
statistical results from the Espinoza et al., (2017) study are
summarized in Table 3 along with the results of this study
to facilitate comparisons. Group-based comparisons using
all of the aerodynamic measures showed statistically signifi-
cant differences between each of the voice disordered groups
(PVH and NPVH) and their respective control groups. In
both the Hillman et al. (1989) and Espinoza et al. (2017)
studies, the PVH patients used higher than normal levels of
all of the aerodynamic parameters to attain a given SPL in
comfortable and loud voice conditions (indicated by lower
SPL-normalized values), which was interpreted as “reflect-
ing increased potential for trauma to vocal fold tissue that
would contribute to the chronic presence of vocal fold le-
sions and associated dysphonia in this group” (Espinoza
et al., 2017, p. 2166). This interpretation is further supported
by studies that used computer modeling of VH (Galindo
et al., 2017; Zañartu et al., 2014) to demonstrate that in-
creasing SGP to maintain a given SPL when there is re-
duced glottal closure (e.g., obstruction of glottal closure by
vocal fold pathology) results in an elevation of ACFL and
MFDR, with a concomitant increase in vocal fold collision
forces. The model results are viewed as reflecting the vicious
cycle that is associated with PVH in which a compensatory
increase in vocal effort could also cause additional vocal
fold trauma (Hillman et al., 1989). In contrast to the results
for PVH patients, NPVH patients only displayed abnor-
mally increased values for SGP and OQ (indicated by lower
SPL-normalized values). These results were interpreted
to mean “that whereas higher than normal levels of these
2862 Journal of Speech, Language, and Hearing Research • Vol. 63 •
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two parameters are needed to attain a given SPL (reduced
‘vocal efficiency’), the lack of a concomitant increase in
ACFL and MFDR reflects decreased potential to cause
trauma to vocal fold tissue” (Espinoza et al., 2017, p. 2166).

The cause and impact of hyperfunctional voice dis-
orders are believed to be strongly associated with daily
voice use (Hillman et al., 1989) that cannot be adequately
characterized/assessed during a brief laboratory or clinical
voice evaluation. Recent studies have demonstrated the
valuable new information that can be obtained about these
disorders from ambulatory voice monitoring that uses a
neck-placed accelerometer (ACC) as the phonation sen-
sor (Castellana et al., 2018; Cortés et al., 2018; Ghassemi
et al., 2014; Lei et al., 2019; Van Stan et al., 2020). For ex-
ample, data from weeklong monitoring are beginning to
reveal differences between the vocal behavior of patients
with PVH and vocally healthy matched controls using dis-
tributional (nonaverage) characteristics of SPL, fundamen-
tal frequency, and spectral tilt (Van Stan et al., 2020). In
addition to these acoustically related voice measures, ACC-
based estimates of glottal aerodynamics during daily life
would provide important complementary features that can
be physiologically interpreted in terms of hyperfunctional
vocal behaviors. Fryd et al. (2016) showed that SGP can be
estimated from the magnitude of the ACC signal. Zañartu
et al. (2013) developed a method for estimating the glottal
airflow waveform from the ACC signal that is referred to
as subglottal impedance-based inverse filtering (IBIF; see
Figure 1) to enable the ACC-based estimation of ACFL,
MFDR, and OQ. It has already been demonstrated that
IBIF can be implemented in real time on the type of smart-
phone that has been used as the data collection and process-
ing platform for ambulatory voice monitoring to potentially
be used for biofeedback (Castellana et al., 2018; Lei et al.,
2019; Llico et al., 2015). The capability to unobtrusively
obtain glottal aerodynamic measures during natural con-
nected speech (instead of being restricted to /pae/ syllables)
and during activities of daily living (ambulatory monitoring)
would greatly expand the potential to more fully character-
ize the pathophysiology and daily impact of hyperfunctional
2861–2869 • September 2020
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voice disorders and lead to the development of more eco-
logically sound clinical voice assessment measures, as well as
expand options for parameters that can be used for ambula-
tory biofeedback to treat VH (Van Stan et al., 2017).

In spite of the progress that has been made, the use
of IBIF to extract estimates of glottal aerodynamic mea-
sures from the ACC signal has never been fully validated
for disordered voices through direct comparison of the same
parameters obtained from traditional oral measurements
(OVV and IOP). Thus, the purpose of this study was to
determine whether ACC-based estimates of glottal aerody-
namic measures are comparable to those previously reported
by Espinoza et al. (2017) in terms of discriminating between
healthy controls and patients with PVH or NPVH.

Method
Participants

All participants were the same adult women as those
used in the Espinoza et al. (2017) study. To briefly summa-
rize, the disordered groups were comprised of 16 patients with
PVH (vocal fold nodules or polyps) and 16 patients with
NPVH (primary muscle tension dysphonia). Diagnoses were
based on a complete team evaluation by laryngologists and
speech-language pathologists at the Massachusetts General
Hospital Voice Center that included endoscopic imaging of
the larynx (Mehta & Hillman, 2012) and a complete battery
of perceptual (Consensus Auditory-Perceptual Evaluation of
Voice, CAPE-V; Kempster et al., 2009), instrumental (Patel
et al., 2018), and patient self-assessment (Voice-Related
Quality of Life [V-RQOL]; Hogikyan & Sethuraman, 1999)
measures. All patients were enrolled prior to receiving any
treatment. Each patient was matched with a normal control
participant based on sex, occupation, and age (± 5 years).
The normal vocal status of all 32 control subjects was veri-
fied by a licensed speech-language pathologist specializing
in voice disorders via interview (subjects reported no diffi-
culties with their voices in daily life), laryngeal videostrobo-
scopic examination, and CAPE-V assessment.

The ages of participants (mean ± standard deviation
[SD]) was 32 ± 13 years for the PVH and their matched con-
trol group, and 40 ± 14 years for the NPVH and their matched
control group. Mean (SD) total V-RQOL scores were 67.5
(19.5) and 67.8 (23.2) for the PVH and NPVH groups, re-
spectively. Mean (SD) CAPE-V ratings for overall severity
of dysphonia were 34.3 (13.2) and 25.4 (21.2) for the PVH and
NPVH groups, respectively. Additional details about patient
demographics and scores for V-RQOL and CAPE-V subscales
are reported in Table 2 of Espinoza et al. (2017). Informed
consent was obtained from all the participants in this study,
and experimental and clinical protocols were approved by
the institutional review board of Partners HealthCare System
at Massachusetts General Hospital.

Data Acquisition Protocol
Simultaneous noninvasive recordings of vocal function

were obtained from (a) the acoustic signal using a condenser
Espinoz
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microphone (MIC; MKE104, Sennheiser, Electronic GmbH)
placed 10 cm from the lips and having full bandwidth
(greater than 6 kHz in most of the cases), (b) OVV airflow
using a circumferentially vented pneumotachograph mask
(Glottal Enterprises) with a sufficient bandwidth of approxi-
mately 1.1 kHz, (c) IOP using a catheter passed between
the lips and connected to a low-bandwidth pressure sensor
(with a bandwidth of approximately 80 Hz), and (d) a one-
axis ACC sensor placed on the anterior neck surface half-
way between the thyroid prominence and the suprasternal
notch. All signals were sampled at 20 kHz/16 bits (Digi-
data 1440A, Axon Instruments, Inc.), low-pass filtered
at 8-kHz cutoff frequency (CyberAmp Model 380, Axon
Instruments, Inc.), and calibrated to physical units fol-
lowing methods presented in Espinoza et al. (2017). A
clinically certified speech-language pathologist instructed
each subject to produce strings of /pae/ syllables on one
breath, while holding pitch and loudness constant at a
comfortable and loud (approximately 6-dB increase) voice.
All recording sessions were conducted in a sound-treated
room.

Data Processing
Both ACC and OVV signals were decimated to

8192 Hz and low-pass filtered at 1100 Hz (10th-order Che-
byshev Type II filter). The DC and very-low-frequency
components were removed below 60 Hz (fouth-order Butter-
worth filter) prior to analysis. A low-pass filter was applied
to the IOP signal at 80 Hz (fifth-order Butterworth filter)
and then decimated to a 256 Hz sample rate (Espinoza
et al., 2017; Perkell et al., 1991). The full-bandwidth MIC
signal was not filtered. All the filtering processes were applied
to obtain zero-phase distortion signals to avoid time-offset
with the other signals. To obtain OVV-based glottal airflow
measures, tokens closest to the mean SPL value for each
loudness conditions (i.e., same criterion than in Espinoza
et al., 2017) were selected for further analysis and process-
ing. Inverse filtering of the OVV signal was accomplished
following the same methods presented in (Espinoza et al.,
2017). Estimates of SGP (Rothenberg, 1973), SPL, and
skin acceleration level (SAL) measures were derived from
the IOP, MIC, and ACC signals, respectively.

ACC-based measures need a calibration step to use
the IBIF model in order to obtain approximations of glottal
airflow from the neck-skin ACC signal. The calibration step
is reported in Zañartu et al. (2013) and briefly described as
follows. Subject-specific Q parameters for the IBIF model
were determined to minimize the waveform error between
the OVV-based glottal airflow (reference signal) and the in-
verse-filtered neck-skin ACC signal (signal to be matched to
the reference signal), according to Equation (1):
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where N is the number of voice samples, ug (n) is
the OVV-based glottal airflow waveform at sample n, ûg
(n) is the ACC-based glottal airflow estimate at sample n,
and Δ is the discrete-time time-derivative operator, that is,
Δug (n) = ug (n) – ug (n − 1). To obtain Q parameters, a
particle swarm optimization algorithm (Kennedy & Eberhart,
1995) runs 10 times per token to select (one of 10 trials) the
Q set with minimum waveform error, in addition to a visual
assessment of the inverse-filtered signals (see example in
Figure 2) using a custom MATLAB graphical user interface
(Espinoza et al., 2017). After the IBIF process, approxima-
tions of the glottal airflow from both OVV and ACC sig-
nals were used to obtain aerodynamic measures, including
ACFL, MFDR, and OQ (see Figure 2 for a visual refer-
ence illustrating the ACC- and OVV-based measures).

A subject-specific linear regression model was deter-
mined for predicting ACC-based SGPL (i.e., SGPL = 20 ⋅
log10 SGP) from SAL using Equation (2):

SGPL ¼ β0 þ β1: SAL ; (2)

where SAL = 20 ⋅ log10 (accRMS), (β0, β1) the model
parameters, and accRMS is the root-mean-square value (cm/s2)
of the ACC signal. This approach is based on previous
work that found a strong relationship between ACC signal
magnitude and IOP-derived SGP (Fryd et al., 2016; Lin
et al., 2019; McKenna et al., 2017). In the current work, we
are interested in the log-transformed measure of SGP that
will be normalized by SPL (Espinoza et al., 2017). A similar
regression model was applied to estimate SPL from SAL
as well (Švec et al., 2005). An example of these models is
shown in Figure 3. The SPL versus SAL and SGPL versus
SAL models were calculated for each subject, including
Figure 2. Definition of high-bandwidth glottal airflow waveform
shown. (A) Estimated glottal airflow waveform, indicating the pe
amplitude and open quotient = 100(t1 + t2) / T0, where t1 is
duration, and T0 is the time interval between two consecutive
airflow waveform. The definition of maximum flow declination rat
waveform. OVV = oral volume velocity; ACC = accelerometer.

2864 Journal of Speech, Language, and Hearing Research • Vol. 63 •
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controls and patient groups (i.e., 64 models, 32 for the con-
trol groups and 32 for the patient groups). Then, SPL and
SGPL were determined from SAL measures using these
models. ACC-based SPL-normalized measures included
(labeled using prime notation) normalized peak-to-peak air-
flow ACFL′ ¼ SPL

20 log10 ACFLð Þ ; normalized maximum declina-

tion rate MFDR′ ¼ SPL
20 log10 MFDRð Þ ; normalized subglottal

pressure SGP′ ¼ SPL
20 log10 SGPð Þ, and normalized open quotient

OQ′ ¼ SPL
OQ. Note that the normalization process produced

ratios that may be interpreted as larger values reflecting
more “efficient” voice production (i.e., higher SPL relative
to a given aerodynamic measure).

Statistical analyses followed those used by Espinoza
et al. (2017). This included the calculation of descriptive
statistics (mean and SD), along with multivariate and post
hoc testing, to determine the extent to which the SPL-
normalized ACC-based measures discriminate (i.e., show
significant differences) between healthy controls and patients
with PVH or NPVH. SPL normalization was done two
ways: using SPL measured from the MIC (acoustic) signal
and using SPL estimated from the ACC signal.

In order to validate our statistical assumptions, the
normality of the data was checked using a Kolmogorov–
Smirnov test (Massey, 1951), resulting in that all the data
were normally distributed with p < .05. Paired multivariate
Hotelling’s T2 test (one-tailed) were performed using the
SPL-normalized, ACC-based measures. If overall statistically
significant differences between controls and patient groups
were found, a post hoc t test (one-tailed) and univariate effect
sizes Cohen’s d (Cohen, 1988) were calculated to deter-
mine the strength of the differences for each SPL-normalized
ACC-based measure—this discriminatory analysis was done
measures. OVV- and ACC-based glottal waveforms are
ak-to-peak airflow (ACFL) as the peak-to-peak waveform
the opening phase duration, t2 is the closing phase
peaks of the (B) time-derivative of the estimated glottal
e (MFDR) is the maximum negative peak in the derivative

2861–2869 • September 2020
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Figure 3. Examples of subject-specific models (SAL as predictor, SPL, and SGPL as responses). At top of each figure: Subject ID, model
equation, coefficient of determination (R2), and sample size (N). (A) SPL versus SAL model. (B) SGPL versus SAL model. SPL = sound pressure
level; SAL = skin acceleration level; SGP = subglottal air pressure; CI = confidence interval.
separately for the comfortable and loud voice conditions and
for each of the two SPL normalization methods (MIC-based
and SAL-based). The ACC-based results were compared
with the results based on oral measurements (OVV and
IOP) reported by Espinoza et al. (2017) for the same subject
cohort.
Results
Table 1 provides a summary of the descriptive statis-

tics for the nonnormalized, ACC-based measures. Over-
all, the results of this study are comparable in magnitude to
the reference OVV/IOP-based measures. Table 2 provides
a detailed analysis of the mean bias error and associated
mean absolute error of the ACC-based approach. The
largest mean bias error values were observed in the com-
fortable loudness condition for MFDR for both PVH
group, with −53 L/s2 (−13% error) and RMSE 72 L/s2,
followed for SGP, with −1.7 cm H2O, (−13% error) and
RMSE 1.9 cm H2O. Table 3 provides a summary of the sta-
tistical test results and comparisons between previous OVV/
IOP-based results (Espinoza et al., 2017) and those ob-
tained in the current study for measures that were SPL-
normalized using the MIC (labeled ACC1) and the SAL
(labeled ACC2). Only values with effect sizes greater than
0.5 in magnitude are reported for both Hotelling’s T2 and
post hoc t tests. Negative effect sizes indicate that the
patient group had lower values for the SPL-normalized
measurements, which generally indicates reduced voice effi-
ciency (i.e., the patients need to produce higher than nor-
mal glottal aerodynamic forces to attain the same values
for vocal SPL as the normal group).
Espinoz
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The results of the multivariate Hotelling’s T2 analyses
for the combines set of measures showed that the PVH
and NPVH groups had significantly lower SPL-normalized
values than those in their respective control groups (p values
ranged from < .01 to borderline = .07) with very large effect
sizes (1.04–2.16), regardless of voice condition (comfortable
or loud), measurement method (OVV/IOP or ACC), or
SPL normalization (MIC or SAL) approach that was used.
Post hoc testing for significant differences in individual mea-
sures between the PVH group and their matched controls
showed that the PVH patients had significantly lower SPL-
normalized values for ACFL, SGP, and OQ (p values rang-
ing from < .01 to < .05) with medium-to-large effect size
magnitudes (0.66–1.68), regardless of voice condition (com-
fortable or loud), measurement method (OVV/IOP or
ACC), or SPL normalization (MIC or SAL) approach that
was used. However, the statistically significant differences
(p < .05) and medium effect sizes for OVV-based MFDR
in comfortable (d = −0.53) and loud (d = −0.70) voice
(Espinoza et al., 2017) were not seen for ACC-based
MFDR in this study.

Post hoc testing for statistically significant differences
in individual measures between the NPVH group and their
matched controls showed that the NPVH patients had
significantly lower SPL-normalized values for OQ (p values
ranging from < .01 to < .05) with medium-to-large effect
size magnitudes (0.66–1.01), regardless of voice condition
(comfortable or loud), measurement method (OVV/IOP or
ACC), or SPL normalization (MIC or SAL) approach that
was used. The only other significant differences were for
SGP where both sets of ACC-based measures displayed
significantly lower values (p values ranging from < .025 to
.068) and medium effect size magnitudes (0.62–0.69) for
a et al.: Glottal Aerodynamics From Neck-Surface Vibration 2865
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Table 1. Group mean (standard deviation) for aerodynamic and sound pressure level (SPL) measures from the /pae/ syllable productions in
comfortable and loud voice.

Measure

PVH controls PVH group NPVH controls NPVH group

Reference ACC Reference ACC Reference ACC Reference ACC

ACFL (ml/s)
Comfortable 205 (63) 212 (69) 296 (102) 303 (113) 271 (94) 277 (108) 220 (77) 230 (82)
Loud 264 (90) 268 (86) 400 (141) 445 (163) 340 (123) 346 (149) 302 (112) 311 (121)

MFDR (L/s2)
Comfortable 306 (131) 286 (126) 415 (177) 362 (171) 386 (204) 368 (199) 269 (128) 254 (110)
Loud 418 (189) 393 (170) 648 (309) 638 (318) 573 (314) 531 (314) 491 (248) 448 (228)

SGP (cm H2O)
Comfortable 8.2 (1.6) 7.8 (1.7) 12.7 (4.5) 12.5 (4.5) 8.6 (2.7) 8.5 (2.6) 8.8 (1.6) 9.4 (2.8)
Loud 11.5 (1.8) 10.1 (1.7) 17.6 (5.2) 16.2 (5.2) 13.2 (3.8) 11.5 (3.5) 13.4 (3.4) 12.0 (3.0)

OQ (%)
Comfortable 67.9 (10.7) 71.4 (11.0) 87.0 (8.3) 87.3 (8.1) 70.3 (8.6) 68.5 (10.9) 78.1 (10.3) 78.7 (12.0)
Loud 65.8 (12.8) 65.9 (11.1) 81.1 (10.1) 80.2 (9.9) 58.7 (8.6) 62.1 (13.2) 63.0 (7.3) 68.0 (7.6)

SPL (dB SPL)
Comfortable 83.0 (5.0) 84.9 (5.0) 84.4 (4.6) 86.8 (4.6) 84.2 (5.4) 86.7 (4.9) 81.8 (5.9) 85.3 (7.8)
Loud 89.2 (4.9) 90.1 (5.2) 91.3 (4.6) 92.9 (5.9) 92.4 (4.1) 93.4 (4.4) 90.1 (5.3) 91.2 (6.9)

Note. Results are shown for the PVH and NPVH patient groups and associated matched control groups with normal voices for both reference
glottal aerodynamic measures (Espinoza et al., 2017) and accelerometer-based (ACC) estimates of these measures (this study). PVH =
phonotraumatic vocal hyperfunction; NPVH = nonphonotraumatic vocal hyperfunction; ACFL = peak-to-peak airflow; MFDR = maximum
flow declination rate; SGP = subglottal air pressure; OQ = open quotient.
both voice conditions, whereas the IOP-based measure of
SGP was only significantly reduced (p < .05) in the comfort-
able voice condition with a medium effect size (d = −0.60;
Espinoza et al., 2017).

Discussion
The purpose of this study was to determine whether

ACC-based estimates of glottal aerodynamic measures
are comparable to those previously reported by Espinoza
Table 2. Mean bias error (MBE) and root mean square error (RMSE) betwe
voice acoustics and glottal aerodynamics from the /pae/ syllable productio
groups and associated matched control groups with normal voices (n = 16

Measure

PVH controls PVH group

MBE (%) RMSE MBE (%) RM

ACFL (ml/s)
Comfortable 7 (3%) 14 7 (2%) 2
Loud 4 (2%) 10 45 (11%) 10

MFDR (L/s2)
Comfortable −20 (−7%) 26 −53 (−13%) 7
Loud −25 (−6%) 34 −10 (−1%) 22

SGP (cm H2O)
Comfortable −0.4 (−4%) 0.9 −0.2 (−2%)
Loud −1.4 (−12%) 1.5 −1.4 (−8%)

OQ (%)
Comfortable 3.5 pp (5%) 5 0.3 pp (0 %)
Loud 0.1 pp (0%) 6.7 −0.9 pp (−1%)

SPL (dB SPL)
Comfortable 1.9 dB (2%) 2.5 2.4 dB (3%)
Loud 0.9 dB (1%) 1.6 1.6 dB (2%)

Note. PVH = phonotraumatic vocal hyperfunction; NPVH = nonphonotrau
maximum flow declination rate; SGP = subglottal air pressure; OQ = open

2866 Journal of Speech, Language, and Hearing Research • Vol. 63 •

Downloaded from: https://pubs.asha.org Matias Zanartu on 09/16/2020, 
et al. (2017) in terms of how well the ACC-based measures
discriminate between healthy controls and patients with
PVH or NPVH. Overall, the results show that the combina-
tion of using IBIF to extract estimates of ACFL, MFDR,
and OQ from the ACC signal, and regression models to esti-
mate SGP based on the SAL of the ACC signal, enables dis-
crimination between matched control groups and associated
PVH or NPVH groups that is comparable to that reported by
Espinoza et al. (2017) in which reference measurements were
obtained from the OVV and IOP signals.
en accelerometer-based estimates and reference measures of
ns in comfortable and loud voice for the PVH and NPVH patient
in each group) according to values from Table 1.

NPVH controls NPVH group

SE MBE (%) RMSE MBE (%) RMSE

0 6 (2%) 23 10 (5%) 39.
8 6 (2%) 44 9 (3%) 23.

2 −18 (−5%) 25 −15 (−6%) 101.
8 −42 (−7%) 53 −43 (−9%) 68.

1.1 −0.1 (−2%) 0.7 0.6 (6%) 2.2
2.2 −1.7 (−13%) 1.9 −1.4 (−10%) 2.1

5.6 −1.8 pp (−3%) 4.8 0.6 pp (1%) 11.6
8.2 3.4 pp (6%) 8.6 5 pp (8%) 8.3

2.6 2.5 dB (−3%) 3.1 3.5 dB (4%) 7.1
2.5 1.0 dB (−1%) 2.0 1.1 dB (1%) 2.6

matic vocal hyperfunction; ACFL = peak-to-peak airflow; MFDR =
quotient; pp = percentage points; SPL = sound pressure level.
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Table 3. Results of between-group statistical comparisons SPL-normalized features using the accelerometer (ACC) signal.

Group
comparison

Hotelling’s T2 ACFL’ MFDR’ SGP’ OQ’

OVV ACC1 ACC2 OVV ACC1 ACC2 OVV ACC1 ACC2 IOP ACC1 ACC2 OVV ACC1 ACC2

PVH vs. Controls
Comfortable 1.48* 2.11† 2.16† −0.80* −0.68+ −0.66+ −0.53+ – – −1.53* −1.63† −1.68† −1.36* −1.13† −1.08†
Loud 1.51* 1.54+ 1.57+ −0.76* −1.01* −0.89* −0.70+ – – −1.47* −1.65† −1.67† −1.11* −1.15† −1.11†
NPVH vs. Controls
Comfortable 1.04a 1.62* 1.47+ – – – – – – −0.60+ −0.62* −0.67+ −0.73+ −0.98* −0.71+
Loud 1.29* 1.45+ 1.27+ – – – – – – – −0.69a −0.60‡ −0.66+ −1.01† −0.78*

Note. In ACC1, SPL was estimated from the microphone signal. In ACC2, SPL was estimated from the ACC signal. The OVV columns show
the results from (Espinoza et al., 2017). Reported are effect sizes for the multivariate, paired-samples Hotelling’s T2 tests and univariate, one-
tailed paired t tests (Cohen’s d). Negative values for the univariate effect sizes signify that SPL-normalized measures are smaller in the patient
groups than in their respective control groups. SPL = sound pressure level; ACFL’ = SPL-normalized peak-to-peak airflow; MFDR’ = SPL-
normalized maximum flow declination rate; SGP’ = SPL-normalized subglottal air pressure; OQ’ = SPL-normalized open quotient; OVV =
oral airflow volume velocity; IOP = intraoral pressure; PVH = phonotraumatic vocal hyperfunction; NPVH = nonphonotraumatic vocal
hyperfunction.
†p < .01. *p < .025. +p < .05. ap < .06. ‡p = .068.
The results of the current study represent the first di-
rect validation of the use of ACC-based estimates of glottal
aerodynamic measures to assess the pathophysiology of
the most commonly occurring types of voice disorders (i.e.,
those related to VH). Since the majority of patients in the
current study had only mild-to-moderate dysphonia (mean
[SD] CAPE-V scores for the PVH and NPVH groups of
34.3 [13.2] and 25.4 [21.2], respectively), it is reasonable to
assume that the ACC-based measures would also be sensi-
tive enough for use in assessing and providing insights into
the pathophysiology of other types of voice disorders that
can often have a more severe impact on vocal function (e.g.,
vocal fold paralysis, glottic cancer, etc.). Being able to ex-
tract valid estimates of glottal aerodynamic measures from
the neck-placed ACC also opens up the possibility of ac-
quiring such measures in an unobtrusive way during natural
connected speech, including during activities of daily living,
which greatly expands the capabilities of ambulatory voice
monitors that use an ACC as the phonation sensor. Ex-
panded capabilities for ambulatory monitoring of vocal func-
tion has the potential to provide better insight into the
pathophysiological mechanisms associated with voice dis-
orders, particularly for disorders such as those associated
with VH in which daily voice use is assumed to play a role.
Applications to running speech obviously require further
development and testing/validation, but an early attempt
to use the ACC-based measures to differentiate the vocal
function of phonotraumatic patients and controls based on
week-long ambulatory recordings yielded promising results
(Cortés et al., 2018).

It is important to point out that the effect sizes for
the multivariate statistical tests of the combined measures
are generally larger for the ACC-based estimates of the glot-
tal airflow parameters than for the reference OVV-based
estimates. This observation would seem to indicate that the
ACC-based estimates of glottal airflow measures tend to
be more sensitive to the presence of hyperfunctional voice
disorders than the measures based on inverse filtering the
Espinoz
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OVV waveform alone. Larger discriminatory power was
also the case for the differences in the individual measures
of SGP’, where again all of the ACC-based differences
were larger than the IOP-based measures, indicating the
potential for greater sensitivity. This behavior may be ex-
plained by the smoothing effect introduced by the regres-
sion models for both SGP and SPL (see Figure 3). The
most obvious difference among the individual measures
between the ACC-based estimates and the OVV-based
estimates is for MFDR’. None of the differences in ACC-
based estimates of MFDR’ were deemed significant, which
is in contrast to the significant differences (p < .05) found
in the OVV-based estimates of MFDR’ in Espinoza et al.
(2017) for the comfortable (medium effect size of d =
−0.53) and loud (medium effect size of d = −0.70) voice
conditions.

Various factors can play a role when comparing the
results against OVV/IOP-based estimates of glottal aerody-
namic measures in Espinoza et al. (2017). For instance, the
MIC signal includes turbulent aerodynamic noise occur-
ring at the glottal level (Stevens, 2000), whereas the ACC
signal has less of this component. Another possible influence
in our experiments is the bandwidth of the signals. SPL
from the MIC signal is calculated using full bandwidth,
whereas the ACC signal has a smaller bandwidth with less
high-frequency components. In addition, differences in the
frequency response between the circumferentially vented
mask and ACC sensor may have an impact on the inverse
filtering methods, for which direct comparisons are only
valid below ~1 kHz. Evidence that SGP versus SAL could
be biased for healthy speakers performing nonmodal voice
quality was provided in a recent study (Marks et al., 2019).
For the NPVH, voice quality is likely to be nonmodal, and
thus, models could be biased and with different variance.
Finally, even though the ACC-based results presented here
are encouraging, caution must be taken to apply these
methods in other contexts. The extension of this study for
different vocal gestures (e.g., running speech) is still an
a et al.: Glottal Aerodynamics From Neck-Surface Vibration 2867
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open question for the methods and results we propose. For
instance, even though the SPL values from SAL are in good
agreement with the literature (Švec et al., 2005), excess of
bias and variance could occur. SAL versus SPL models are
very simple and may need to be improved (e.g., with addi-
tional predictors) for other vocal gestures.

Conclusion
The results of this study demonstrate that laboratory

estimates of most glottal aerodynamic measures based on
the neck-surface acceleration signal are comparable to those
previously obtained from oral airflow and air pressure sig-
nals (Espinoza et al., 2017) in terms of differentiating be-
tween hyperfunctional (PVH and NPVH) and normal vocal
function. The findings provide direct validation of the use
of ACC-based estimates of glottal aerodynamic measures
to assess the pathophysiology of disordered voices and opens
up the possibility of acquiring such measures in an unobtru-
sive way during natural connected speech, including during
activities of daily living, which greatly expands the clinical
and research capabilities of voice ambulatory monitors
that use an ACC as the phonation sensor. Expanded capa-
bilities for ambulatory monitoring of vocal function has the
potential to provide better insight into the pathophysiologi-
cal mechanisms associated with voice disorders, particularly
for disorders such as those associated with VH in which
daily voice use is assumed to play a role. Future efforts may
further validate the use of ACC-based estimates of glottal
aerodynamic measures to differentiate normal and patholog-
ical vocal function during natural connected speech.
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