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Abstract

The passive electrical properties of a biological tissue, referred to as the tissue
bioimpedance, are related to the underlying tissue physiology. These measures
have not been explored as a method to assess the health of vocal fold tissues by
detecting vocal fold pathologies, which requires exploring differences between
healthy and pathological tissues as well as methods to represent and analyze
tissue impedances (which motivates this work). Objective: To determine if
there are statistically significant differences in Cole-impedance model parame-
ters that represent averaged bioimpedance measurements of localized neck tis-
sues during four vocal folds activities (adducted, abducted, voicing). Approach:
Tissue bioimpedance was collected from healthy young adults (N = 10) in
four vocal fold states with averaged datasets reduced to their Cole-impedance
model representations (R, R1, C, «) using a particle swarm optimization
approach. Main Result: The Cole-impedance model does well represent the
collected bioimpedance datasets, but no statistically significant differences in
the identified Cole-model parameters of the averaged localized bioimpedance
datasets across four vocal folds activities were observed. Significance: Aver-
aged electrical tissue properties may not be sensitive to variations from vocal

folds activity. Therefore, localized tissue bioimpedance may be an alternative

Email address: tjfreebornl@eng.ua.edu (Todd J. Freeborn )

Preprint submitted to Biomedical Signal Processing and Control March 23, 2021



20

25

technique to assess vocal fold tissue health that does not require phonation.
Keywords: Bioimpedance, Cole-impedance model, Vocal Folds, Adduction,

Abduction, Voicing

1. Introduction

Dysphonia refers to any difficulty with the voice including perceived abnor-
malities in the vocal quality indicators of roughness, breathiness, strain, pitch,
nasality, and/or loudness that impacts the individual’s ability to communicate
or reduces their voice-related quality of life [1, 2]. It is perceptual manifestation
of observable changes to the structure or function of the larynx. The causes of
dysphonia vary from acute laryngitis to more concerning benign neoplasms and
malignancies [3, 4]. In terms of prevalence, a recent study estimated that 1.7%
of the adult population in the United States of America are currently diagnosed
with dysphonia [3, 4].

Diagnosis of dysphonia typically involves a thorough review of medical his-
tory, a perceptual assessment of the individual’s voice quality, acoustic measures,
and direct visualization of the larynx [5]. If there are detectable deviations in
auditory perceptual measures of vocal quality, then a thorough and detailed
diagnostic laryngeal endoscopic evaluation is required [6]. Currently, the laryn-
geal endoscopic evaluation is the only diagnostic measure that can definitively
identify the presence of laryngeal pathology as a contributing factor to dyspho-
nia. It involves the passing of a rigid or flexible endoscope through the mouth
or nose for direct visualization of the larynx. Flexible endoscopy is invasive
and uncomfortable, often requiring the use of local anesthetic for compliance
[7]. Additionally it has been shown to cause significant changes to heart rate,
blood pressure, and oxygen saturations in pediatric and adult populations [8, 9].
Transnasal flexible endoscopy is preferred to transoral rigid endoscopy as it al-
lows for a greater range of voicing options and visualization of velopharyngeal
competency during the assessment [10]. A recent study revealed that 750,000

diagnostic laryngeal endoscopic evaluations are performed each year at an esti-
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mated annual cost of $225 million dollars [3].

Due to the high cost and perceived discomfort associated with the diag-
nostic laryngeal endoscopic evaluation, it is prudent to consider less expensive
and invasive options for assessment of potential laryngeal pathology. Current
non-invasive assessment techniques that have been investigated include ultra-
sound and electroglottography (EGG). Ultrasound imaging uses sound waves
to provide “pictures” of internal anatomy. Laryngeal ultrasound has been used
to reliably identify the presence of vocal nodules in pediatric patients, but its
ability to discriminate between different types of vocal fold pathologies has
not been examined [11]. Additionally, ultrasound has been used to determine
the presence of vocal fold paralysis following pediatric cardiovascular surgery,
but with less specificity than the traditional diagnostic laryngeal endoscopic
evaluation [9]. Electroglottography applies an imperceptible electrical current
through localized tissues of the neck. It measures the degree of contact between
the vocal folds. EGG signals are used to noninvasively characterize vocal fold
dynamics [12, 13, 14] which are altered by the presence of vocal pathologies.
This technique is being actively investigated to identify the signal features that
can accurately and reliably detect vocal pathologies [15, 16]. While EGG ap-
proaches to pathology detection require vocal fold activity, another electrical
current based technique is available that characterizes the passive properties
of a biological tissue without requiring vocal fold activity. The passive elec-
trical properties of a biological tissue, referred to as the tissue bioimpedance,
are related to the underlying tissue physiology (e.g. fluid content, tissue type,
cellular membrane health, tissue geometry). Tissue bioimpedance has recently
been utilized in studies of neuromuscular disorders [17], skeletal muscle injuries
[18], and swallowing [19, 20, 21].

A novel use for bioimpedance measures that has not yet been explored is
its application for determining the health of vocal fold tissues by detecting vo-
cal fold pathologies. The vocal folds are multilayered structures that consist of
an outer epithelial layer, three connective tissue layers, and the vocalis portion

of the thyroarytenoid muscle [22]. Each layer provides unique structural and
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mechanical properties that are necessary for the characteristic vibration that
produces human voicing. Vocal pathologies characteristically impact varying
layers of the vocal folds. Even slight changes in the structure or viscoelastic
properties of the vocal folds can cause significant disequilibrium into the del-
icate myoelastic aerodynamic balance responsible for normal voicing [23, 24].
Identifying the presence of these types of tissue changes in the vocal folds via
non-invasive, economical, and readily accessible means would improve the time-
liness of dysphonia diagnosis and decrease the time needed to achieve efficacious
treatment. To evaluate if bioimpedance based analysis (using Cole-impedance
modeling) may by a potential technique for diagnosis of vocal folds pathology,
this research aims to first determine if vocal folds activity has a significant im-
pact on localized neck tissue bioimpedance. Towards this aim, bioimpedance
measurements were collected from a sample of non-dysphonic, healthy adults
in four different vocal folds states (open, closed, voicing) to determine if there
were statistically significant differences between states. The following sections
detail the data collection methods, analysis approaches, overall study results,

and discusses the results and their implications.

2. Material and Methods

2.1. Research Participants

This research was approved by The University of Alabama’s Institutional
Review Board prior to participant recruitment and enrollment (UA IRB-19-04-
2277). Adult participants were recruited through word of mouth and informa-
tional flyers. Interested individuals contacted the principle investigator to make
an appointment for participation in the study. On the day of the appointment,
the consent form was reviewed and signed by the participant. Data was col-
lected from 10 young adults (22.1 + 2.98 years of age, 3 women, 7 men) for this
study.
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2.2. Localized Bioimpedance Measurements

Bioimpedance measures are collected by applying an excitation current to bi-
ological tissue and measuring the voltage response (Z = V/I), at either a single
or multiple frequencies. The use of multiple frequencies supports analysis of how
different features (related to different underlying physiology features) are altered
as a result of tissue conditions. For example, low and high frequency measure-
ments are often attributed to the extra-cellular and intra-cellular content and
mid-band frequencies attributed to cellular membrane properties, tissue inter-
connections, and tissue type. For this reason, multi-frequency measurements
are collected in this study because they may provide deeper insight into vocal
folds tissue properties than a single measurement.

Measurements from each participant were collected using a tetrapolar config-
uration of electrodes placed on the external skin surface proximal to the larynx
of each participant. A tetrapolar configuration is utilized to reduce (but cannot
remove) the effects of the electrode/tissue interface impedance which is typically
much larger than the tissue impedance. For further details regarding tetrapolar
measurements, readers are recommended to review the works of Grimnes and
Martinsen [25] and Aliau-Bonet and Pallas-Areny [26]. The larynx was identi-
fied through palpation and four adhesive electrodes were placed on either side
of the laryngeal notch. The voltage sensing electrodes (V+, V-) were placed
approximately 2.5 cm from the larynx with the current injection electrodes (I+,
I-) spaced approximately 3 cm (center-to-center) from the sensing pair. A sam-
ple of this configuration and the electrode placement on a study participant are
detailed in Fig. 1. An ImpediMed SFB7, a portable bioimpedance device that
measures discrete frequencies was the instrument utilized for participant mea-
surements. This instrument injected a small sinusoidal electrical current into
the biological tissues of the larynx through the outer electrodes (I+, I- in Fig.
1) and measured the voltage response between the inner electrodes (V+, V- in
Fig. 1) for the impedance calculation.

Bioimpedance measurements were collected from each participant under the

following 4 conditions:
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Figure 1: (a) Test setup to interface SFB7 to neck of study participants for measurement of
tissue impedance proximal to larynx and (b) example of electrode placement on a single study

participant.

e 1) Abduction. The participant was instructed to relax and breathe nor-
mally with the vocal folds in the abducted (open) position for ten seconds.

A sample of the vocal folds in this position is given in Fig. 2(a).

e 2) Adduction. The participant was instructed to take a deep breath in,

120 hold their breath, and to bear down on the sides of the chair they were
sitting to close their vocal folds, for measurements in an adducted state.

An image of vocal folds in this position (though not from a study partici-

pant, because the vocal folds were not visualized in this study) is given in

Fig. 2(b). Participants held this position for five seconds. A limitation of

125 this study is that the vocal folds were not visualized to confirm adducted

state during measurement.

e 3,4)Voicing. The participant was instructed to hold out the vowel sounds

“eee” (condition 3) and “ah” (condition 4) for 10 seconds and a 5 second

voicing sample was extracted that excluded voicing onset and offset. Both

130 of these voicing states require activity /vibration of the vocal folds altering

the tissue geometry compared to the abducted and adducted states.

Participants were seated comfortably in a hard-back chair for the totality of

data collection. At the conclusion of the study, the electrodes were removed,
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Figure 2: Example of vocal folds in the (a) abducted and (b) adducted states.

and the neck was cleaned of the adhesive material. The measurements were
downloaded from the SFB7 instrument in their raw format for further import

and post-processing in MATLAB.

2.8. Cole-impedance Model Parameter Identification

One method of bioimpedance analysis compares individual discrete frequen-
cies of datasets for differences, but this approach is limited in that a single
discrete frequency can be challenging to link to a specific physiological feature.
Alternatively, analysis using electrical equivalent circuit models reduce a dataset
with a large number of datapoints to a few circuit parameters that can be easily
compared, with models selected to approximate the physiological of the tissue
being measured. With vocal pathologies expected to impact cellular membrane
properties of the vocal folds the analysis in this study will employ the equivalent
circuit approach, to determine if the circuit parameters identified are sensitive
to the changes in vocal folds state.

One widely utilized equivalent circuit model for this approach is the Cole-
impedance model, introduced by Kenneth Cole in 1940 [27]. This model contains
three electrical circuit components, two resistors (R, R1) and one constant
phase element (CPE). The units of a CPE are F - sec®™*. The CPE has electrical
characteristics that place it between a resistor (« = 0) and an ideal capacitor

(a = 1). This electrical equivalent circuit model has been widely utilized to
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represent the frequency-dependent electrical impedance of biological tissues [28]
and recently utilized in studies of localized tissues and their alterations as a
result of exercise/activity [29, 30]; supporting its use to model the localized
tissues in this work. The electrical impedance of the Cole-impedance model is
expressed as:

Ry

Z=Ry+4+—"  _R4yjX 1
1+ (jw)*R.C J (1)

where R and X represent the resistance and reactance (in Ohms), which are
often used to plot impedance datasets. The resistances in this model are often
attributed to the tissue fluids with the CPE characteristics attributed to tissue
type/structure.

The Cole impedance model parameters (R, R1, C' and a) were extracted
from the datasets collected from each study participant. Extractions were done
by applying a particle swarm optimization (PSO) that minimized the squared
difference (of the real and imaginary impedance components) between the ex-
perimental data (from 3 kHz to 280.6 kHz) and the Cole impedance model.
Metaheuristic optimization procedures such as PSO have been previously uti-
lized for estimating bioimpedance parameters from impedance datasets showing
accurate results [31]. Based on the high accuracy of previous PSO implementa-
tions and the ease of implementation using available MATLAB functions, this
approach was adopted in this work. The objective function for the PSO opti-
mization applied in this work is:

n

min fo(z) = Y (Re{Zx(x) =y} + (m{Zk(z) — y1})? (2)

k=1
where fo(x) is the objective function, n is the number of discrete frequencies
used for fitting (200 in this study), yi is the collected electrical impedance
impedance at the k—th frequency, Zj(x) is the impedance of the Cole impedance
model with z (the vector of the model parameters R., Ry, C, «), and Re
and Im denote the real and imaginary components of the impedances. This
procedure was implemented using the particleswarm function available in

MATLAB with the following options: Swarm Size= 1000, Social Adjustment
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Weight= 1, MinNeighborsFraction= 0.6, and the hybrid functionality was en-
abled to apply the fmincon solver after the PSO solver terminated. Con-
straints were added with lower and upper boundaries for [R , R1,C, ] fixed
at [1mQ,1mQ, 1nF -sec®” ", 0.5] and [100€,1009,0.1mF - sec® ", 1.05], re-

spectively.

2.4. Statistical Testing: Friedman Test

Statistical testing was applied to compare the Cole-impedance impedance
parameters obtained from all 4 vocal folds test conditions, to test the null hy-
pothesis that there are no differences between the parameters in each state.
For this testing, the non-parametric Friedman test was applied to the orga-
nized datasets in SPSS Statistics 26. Statistical significance was accepted at

the p < 0.05 level in this work.

3. Results

A sample of the complete set of impedance datasets (3 kHz to 1 MHz)
collected from two of the participants, both men, are given in Figs. 3(a) and
4(a). In both Figs. 3 and 4 subplots (a), (b), and (c) visualize this data as a
Nyquist, resistance/frequency, and reactance/frequency plots, respectively. The
Nyquist plot is the conventional representation of bioimpedance datasets, but
does not present details of the frequency dependence which is why (b) and
(¢) have been included. Each of the 4 vocal folds states that were measured
are represented by different colors: adducted (black), abducted (red), voicing
"ah” (blue), voicing ”eeee” (green). Each line in subplots (a)-(c) represents one
complete impedance sweep (with 5 collected/analyzed). The datasets from these
two participants were selected because Fig. 3 represents a case with noticeable
visual differences between states while Fig. 4 shows more significant overlap.
Variations in the measured impedance are expected based on the instrument,
participant movement, and breathing. For these reasons, the average of the set

of reduced frequency measurements (3 kHz to 280 kHz to limit the influence of
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high-frequency artifacts) for each vocal fold state were calculated. For reference,
these averages are given in subplots (d), (e), and (f) as solid lines for the Nyquist,
resistance/frequency, and reactance/frequency plots, respectively. These sets
of averaged values more clearly visualizes the differences between each vocal
fold state for both participants. Note that the reduced frequency datasets (3
kHz to 280 kHz) are shown in subplots (b)-(e) in both Figs. 3 and 4 while
subplot (a) shows the complete range (3 kHz to 1 MHz). The complete range is
provided to highlight the high-frequency artifacts that can occur above 300 kHz.
Those readers interested in further details of high-frequency artifacts/errors in
bioimpedance measurements are directed to the work of Ayllon et. al [32].

Observing the average datasets, each exhibit decreasing resistances with in-
creasing frequency for all states (most clearly shown in Figs. 3(e) and Figs. 4(e))
and low/high frequency reactances that approach 0 §2 with a mid-frequency min-
ima occurring in the band from 10 kHz to 100 kHz (most clearly shown in Figs.
3(f) and Figs. 4(f). This frequency-dependent behavior is well-represented by
the Cole-impedance model. To highlight this simulations of (1) using the Cole-
impedance model parameters determined by the PSO described in Sec. 2.3 are
given in Figs. 3(d)-(f) and Figs. 4(d)-(f) as dashed lines. Both experimental
(solid) and simulations (dashed) show very good visual agreement for each of
the vocal fold states for both participants.

The complete range of Cole-impedance parameters (R, R1, C, «) identified
by the PSO are given as boxplots in Fig. 5. In addition to these parameters, the
theoretical frequency at which the reactance reaches its peak (f,,) was calculated

using the Cole-impedance parameters using:

1

= RO (3)

o

Visually, the parameters R, R1, C, and f, all have similar medians and ranges,
with the parameter o showing the greatest differences across vocal folds states.
Friedman tests were run to determine if there were differences in Cole-parameter
values (and f,) across the four different vocal folds states. While there were

differences in the medians of each parameter (observed in Fig. 5) the differences

10
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Figure 3: Raw bioimpedance measurements (a,b,c) collected from Participant 4 in the ad-
ducted (black), abducted (red), voicing "ah” (blue), and voicing ”eee” (green) states and

mean/simulations (using Cole-impedance parameters) of raw measurements (d,e,f).
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mean/simulations (using Cole-impedance parameters) of raw measurements (d,e,f).
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Figure 5: Summary of Cole-impedance parameters (Roo, R1, C, ) and peak frequency (fp)
determined from the localized tissues of study participants in each of the 4 vocal folds states.
The red line of each box represents the median of the dataset, with the top and bottom of
the box representing the 25th and 75th percentiles of the sample. The whiskers extend to
the most extreme data points not considered outliers, and outliers (values more than 1.5z the
interquartile range away from the bottom or top of the box) are plotted individually using

the 4+’ symbol.

X2(3) = 5.04, p = 0.169; Ry : x2(3) =
4.40,p = 0.218; C : x%(3) = 6.84,p = 0.077; a : x*(3) = 5.88,p = 0.118,
o : X2(3) = 6.84,p = 0.077).

were not statistically significant (R :

4. Discussion

The differences in vocal folds states/activity across the four cases (adducted,
abducted, and voicing ”ah” /”eee”) for study participants did not result in statis-
tically significant differences in the identified Cole-model parameters or peak-
frequency of the averaged localized bioimpedance datasets. While individual
datasets did show variation across consecutive measurement of the same vocal

folds positions (see Fig. 4), the averaging of multiple datasets is expected to be

13
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a representative measure of the localized tissue properties that are not altered
as a result of vocal folds activity or position. Averaging was adopted because
of the localized impedance changes that have been reported to occur during
skeletal muscle contraction. As an example, Kitchen and Freeborn reported
increases in bicep tissue resistance up to 6.75 Q during contractions [33] which
can significantly impact stepped-sine bioimpedance measurements (which is the
technique employed by the SFB7 utilized in this study) and their interpretation
(preventing fit with the Cole-impedance model). Skeletal muscle contraction
was expected for participants who may have swallowed during the resting state,
during voicing, and adduction, but the level of resistance changes is expected
to be much less than the changes reported by Kitchen and Freeborn (which
utilized an exercise stimulus to induce changes in a larger muscle group). Sup-
port for muscle contraction causing an increase in localized tissue impedance
of neck tissues is also observed in the reported impedances by Ward et. al [19]
and Schultheiss et. al [21]. In both studies, increases in tissue resistance were
observed prior to a decrease attributed to the transit of the fluid during the swal-
low. While Ward et. al reported that the anatomical or physiological correlates
of this "hump” in the waveforms was unclear, it could be the initial contraction
of skeletal muscle prior to the movement of fluid during the swallow. This is
supported by the results of Schultheiss et. al [21], which noted an increase in
surface electromyography activity that roughly aligned with the initial increase
in localized resistance.

The fact that there are no statistically significant differences in the identi-
fied Cole-model parameters of the averaged localized bioimpedance datasets is
important because it supports that averaged localized bioimpedance measures
of the neck/larynx may provide a non-invasive alternative to endoscopic visual-
ization for vocal pathology identification and an alternative to EGG that does
not require phonation. Moving towards a technique that assesses the tissue
properties directly and not only an effect (vocal fold contact area) of changes
of the tissue properties. Additionally, the lack of statistically significant differ-

ences is clinically useful as it indicates that specific conditional factors (such

14
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as voicing) are not necessary for accurate data collection with this technique.
This will expand the clinical utility of this technique by making it a viable as-
sessment option for populations that are not able to follow directions and those
that cannot tolerate laryngoscopic evaluation.

The application of EGG to assess vocal fold pathologies requires that vo-
cal folds tissues have significant structural alterations that impact the contact
area of these tissues during glottal activity. These changes in vocal fold con-
tact area alter the impedance of the localized tissue which are reflected in the
EGG waveform [34]. However, as noted by Hampala et. al the vocal fold con-
tact area is not the only source of impedance change. Sources of change can
include mucus bridges between vocal folds, uneven distributions liquid (influ-
encing tissue conductivty), and non-uniform vocal folds tissue properties [34].
Additionally, differences in the execution of the glottal activity may also alter
the EGG waveform and its interpretation.

While localized bioimpedance measurements will be altered by the same
factors that include EGG waveforms (fluid distributions, non-uniform tissue
properties) there is still strong support for their investigation for vocal fold
pathology. Specifically, using multi-frequency measurements and Cole-modeling
may support differentiation of the sources contributing to the impedance. Re-
cently, Fu and Freeborn investigated the localized bioimpedance alterations (and
subsequent Cole-model alterations) from activity of the biceps [29, 30]. They
reported statistically significant differences in R, and R; after concentric ac-
tivity (attributed to fluid shifts in the tissue) but not changes in C or « [29]. In
an additional study utilizing eccentric activity as the exercise stimulus, statisti-
cally significant changes in C' were reported in the days following activity. These
alterations were attributed to the expected muscle damage from the eccentric
stimulus and aligned with periods of swelling of the tissue [30]. Therefore, it
may be possible to differentiate vocal folds pathologies that alter tissue prop-
erties using the CPE parameters (C' and «) of the Cole-model. This supports
that further effort is warranted to investigate this model and relations to tissue

alterations from pathology, injury, and damage. However, this requires further
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research with measurements from both healthy and pathologic populations and
cannot be answered with the results of the current study (which only collected
measurements from a healthy, adult population). In fact, a limitation of the
current study is that the bioimpedance measurements were collected from a
small group (N = 10) with homogeneous age (22.1 + 2.98 years). Further stud-
ies are necessary to evaluate if the results of this study are reproducible across
populations with varying age and body composition.

Of significant interest to clinical practice is the indication that the bioimpedance
measures are not being sensitive to changes in vocal fold activity. This could
eliminate the need for phonation during clinical assessment if bioimpedance fea-
tures (such as C of the Cole-impedance model parameters) are determined to be
reliable biomarkers of vocal fold pathology. This is expected to help screening
by reducing the overall activities during clinical assessment, which should im-
prove patient compliance during this assessment. It is expected that collecting
bioimpedance measurements while a patient is sitting and breathing normally
will be less time- and training intensive than collecting measurements during
phonation. These challenges are expected to be most significant in pediatric
populations and adult populations with significant neurologic impairment.

While the use of the Cole-impedance model to represent bioimpedance datasets
in this work continues to support the use of this model, it is important to high-
light it is not the only possible equivalent circuit model to represent bioimpedance
[28]. An important underlying question that still remains to be resolved is the
strength of associations of the Cole-impedance model parameters (R, R1, C,
«) and the underlying physiological features of the tissue. That is, while R, and
R, are often attributed to tissue fluid and the CPE to cellular membrane prop-
erties further study is still necessary to validate. This validation is an important
step to improve understanding and interpretation of impedance measurements

for both basic research and clinical application.
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5. Conclusion

This study evaluated the localized bioimpedance of the neck/laryngeal tis-
sues of healthy, young adults during four different vocal folds states (adducted,
abucted, voicing). While the tissue bioimpedance in each state did show vari-
ation across multiple consecutive measurements, the averaged datasets reduced
to their equivalent Cole-impedance model representations ((R,, Ry, C, «) did
not have statistically significant differences. These results support that the av-
eraged electrical tissue properties may not be sensitive to the variations that
results from vocal folds activity. Therefore, localized tissue bioimpedance may
be an alternative technique to assess vocal fold tissue health that does not re-

quire phonation during assessment, but this requires further study.
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