1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

° NAT/O

N, NIH Public Access

A

2 eSS

G

Author Manuscript

Published in final edited form as:
Laryngoscope. 2009 April ; 119(4): 811-815. doi:10.1002/1ary.20165.

Phonation threshold flow measurements in normal and
pathological phonation

Peiyun Zhuang, M.D.12, Alicia J. Sprecherl, Matthew R. Hoffman?, Yi Zhang, M.D.3, Marios
Fourakis, Ph.D.4, Jack J. Jiang, M.D., Ph.D.13, and Chun Sheng Wei, MD, PhD3

1Department of Surgery, Division of Otolaryngology - Head and Neck Surgery, University of
Wisconsin School of Medicine and Public Health, Madison, WI, 53792-7375

2ENT Department, Xiamen University Zhongshan Hospital, Xiamen, Fujian China, 361004
3Shanghai EENT Hospital of Fudan University, Shanghai, China, 200031

4Department of Communicative Disorders, University of Wisconsin — Madison, WI, 53706

Abstract

Background—Phonation threshold flow (PTF) may provide a tool to assess laryngeal function
and could differentiate between normal and pathological voices. Both polyps and nodules
contribute to an increased PTF by creating an incomplete glottal closure and increased vocal fold
mass and thickness.

Study Designh—Prospective study.

Methods—The Kay Elemetrics Phonatory Aerodynamic System (PAS) was used to collect mean
flow rate (MFR) and PTF measurements from 40 normal subjects, 21 patients with vocal fold
nodules, and 23 patients with vocal fold polyps. Gender based differences were assessed using a t-
test. The effect of vocal pathology on PTF and MFR was determined with an ANOVA. Diagnostic
potential was evaluated using a receiver operation characteristics (ROC) analysis.

Results—Both PTF (p=0.047) and MFR (p=0.008) were significantly affected by gender. Using
a two-way ANOVA and correcting for gender differences, the influence of pathology on PTF was
determined to be significant (p<0.001). Post-hoc tests found a significant difference between
normal and polyp subjects (p<0.001), but not normal and nodule subjects (p=0.177) or nodule and
polyp subjects (p=0.246). ROC analysis found that PTF (AUC=0.691) and MFR (AUC=0.684)
had a similar diagnostic utility.

Conclusions—PTF can be used to differentiate between normal and pathological voices. As a
parameter which is experimentally sensitive to the biomechanical parameters providing its
theoretical basis, it could be used clinically to analyze laryngeal functionality. Future research
could focus on measuring PTF in other pathologies, such as paralysis or scarring, which would
also affect the effort required to produce voice.
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INTRODUCTION

Nodules and polyps are two of the most common vocal pathologies seen in the clinical
setting. A nodule is a callous-like formation on the vocal folds generally displaying bilateral
symmetry and associated with less severe symptoms than polyps.1:2 VVocal therapy is the
treatment of choice for nodules with surgery reserved for those cases that do not respond to
initial voice therapy.1 Polyps are unilateral masses of the vocal folds associated with more
severe symptoms.1:3:4 While patients with less severe or translucent polyps have been
reported to benefit from voice therapy,5 most patients undergo concurrent surgery to address
the mass.1:2 Both nodules and polyps cause breathiness, vocal fatigue, a decrease in
mucosal vibrations and incomplete glottal closure.3 Diagnosis is most commonly made
according to videostroboscopy because acoustic and aerodynamic parameters have struggled
to achieve high reliability and diagnostic power.4 Imaging provides a picture of the system,
but does not give insight into its functionality. An aerodynamic parameter could assess the
way changes observed with videostroboscopy have affected the energy transducing
capabilities of the larynx. Additionally, diagnosis based on multiple parameters provides an
improved capability to differentiate between polyps and nodules.1 Multiple parameter
diagnosis in a clinical setting requires the establishment of a reliable, easily measured
aerodynamic parameter.

Many researchers have used aerodynamic parameters to investigate vocal health.6:7 In
addition to providing information about normal phonation, aerodynamic analysis shows
promise in differentiating pathologic from normal voices.7:8 Of particular interest are
phonation threshold pressure (PTP) and phonation threshold flow (PTF) which hold
diagnostic promise. Studied in 1975 by Baer, PTP reflects the ease of phonation by
measuring the subglottal pressure required for voicing.9711 Early PTP measurements were
highly invasive, requiring direct measurements of subglottal pressure using a tracheal
puncture.12 Building on the theory that intraoral pressure equals subglottal pressure during
unvoiced stop consonants, researchers developed a noninvasive means of measuring PTP by
having subjects pronounce /papapa/ while measuring intraoral pressure. Although
promising, this method required extensive training to generate meaningful meansurements.
13 Mechanical airflow interruption techniques now provide an alternative method to
measure PTP not dependent on subject-controlled interruption.10:14

Jiang and Tao proposed PTF as a measure of the airflow necessary to produce phonation.15
PTF is defined by the equation:

UpTk is phonation threshold flow, B is the damping coefficient, ¢ is mucosal wave velocity,
L is vocal fold length, xg is neutral glottal width, T is vocal fold thickness, and p is glottal
airflow density. As the airflow alternative to PTP, PTF also provides a measure of the ease
of phonation. Jiang and Tao predicted that PTF could be sensitive to subtle changes in
laryngeal tissue properties, glottal configuration and vocal tract loading.15 Studies focusing
on vocal fold masses found that both polyps and nodules increase airflow by preventing
complete glottal closure, thereby increasing air leakage.4 Additionally, a greater driving
force is required to set the more massive vocal folds into vibration, further increasing the
airflow.4 Hottinger et al. used an excised larynx setup to test the responsiveness of PTP and
PTF to changes in glottal width by using shims to alter vocal fold abduction. They found
that while PTP showed little change in response to variations in vocal fold abduction, PTF
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was highly responsive.16 Jiang and Tao proposed pressure recovery at the glottis as the
mechanism for this difference and suggested that PTF was the better parameter for the study
of pathologies involving an incomplete glottal closure.17 Further studies of PTP and PTF
revealed that both parameters were affected by the hysteresis phenomenon, where the onset
value for a parameter differs from its offset. Regner et al. demonstrated that onset PTF, the
airflow required to initiate phonation, is higher than offset PTF, the airflow at the point
phonation ceases. As phonation is commonly associated with a prephonatory airflow peak,
taking PTF measurements at the offset of phonation provides a more accurate measure of
airflow threshold.18 PTF measurements may be accomplished using an extraoral flow
transducer based on the assumption that the vocal tract is continuous, with oral airflow being
approximately equal to glottal airflow. An anesthesia type airflow mask can be used for this,
making it especially promising for use in the clinical setting.15 The Kay Elemetrics
Phonatory Aerodynamic System (PAS) has been used to measure airflow with success.7

This study evaluated PTF among subjects with normal vocal folds, subjects with vocal
nodules, and subjects with vocal polyps to determine if it differed according to subject
diagnosis. PTF measurements were recorded from 40 normal subjects, 21 subjects with
vocal nodules and 23 subjects with vocal polyps using the PAS.

MATERIALS AND METHODS

Subjects

The study compared 40 normal speakers with no history of vocal pathologies, 21 patients
with stroboscopically confirmed vocal fold nodules, and 23 patients with stroboscopically
confirmed vocal fold polyps. Vocal pathology subjects were recruited from the Shanghai
EENT Hospital of Fudan University where they were diagnosed and reviewed by the same
board certified physician. VVocal polyp patients had a mean age of 34.6+11.7 (Range: 28 to
60), while patients with vocal nodules had a mean age of 39.3+8.89 (Range: 25 to 54). As
PTF may be influenced by race and age, control subjects were recruited from the faculty at
Fudan University and were of similar race and age as subjects in both experimental groups
(42.7£8.20, Range: 19 to 59). A t-test confirmed that the remaining age differences between
the groups did not significantly influence PTF (p=0.507) or mean flow rate (MFR)
(p=0.870). The polyp group was comprised of 12 female subjects and 11 male subjects. Of
the 40 normal subjects, 21 were female and 19 were male. Nodules are much more common
in females19; therefore, the nodule group contained only female subjects. Gender based
aerodynamic measures were corrected for by using a two-way ANOVA for parameter
evaluation. All subjects recruited were free of respiratory, neurological, psychiatric, and
auditory problems. None of the subjects were professional vocalists nor had any received
vocal training. The nodule patients selected for this study all displayed bilaterally
symmetrical masses located on the medial surface, near the junction of the anterior and
middle third of the vocal fold. Polyp subjects all displayed a unilateral broad-based mass
that was less than approximately 4 mm in diameter, located on the free edge of the vocal
fold.

Data Collection

Prior to collecting data, the protocol was approved by the Institutional Review Board of the
University of Wisconsin-Madison and the Ethics Committee of the Shanghai Eye, Ear,
Nose, and Throat Hospital of Fudan University. Airflow and sound pressure level (SPL)
recordings were made with the Kay Elemetrics Phonatory Aerodynamic System (PAS),
model 6800, as directed by the manufacturer. Subjects were allowed to practice until they
felt comfortable with the procedure. Subjects phonated a sustained /a/ into a cardboard tube
placed so that it rested above the tongue approximately one inch into the mouth. For MFR
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recordings subjects maintained an intensity of 72 dB, using visual feedback, for two to three
seconds. Measurements of SPL in dB and airflow in liters/second were made during the
course of phonation. The MFR trial was repeated five times with subjects resting for three to
five seconds between recordings. For PTF measurement, subjects were instructed to initiate
phonation at a soft intensity and decrease intensity over three to five seconds until no
phonation was detected. The short recording time prevented the potentially confounding
effect of vocal fatigue from having an impact. Recordings of the SPL in dB and airflow in
liters/second were made during the course of the phonation. PTF was estimated as the
airflow at the point where phonation ceased. The cessation in phonation was defined as the
point where SPL decreased to the level of ambient noise in the room, which was determined
to be approximately 50 dB (Figure 1). Each subject repeated the PTF trial ten times, resting
for five to six seconds between recordings.

Data Analysis

RESULTS

Mean and standard deviation values were calculated for both PTF and MFR. The influence
of gender on the measurements was assessed using a t-test without assuming equal variance.
Nodule, polyp, and normal subject PTF readings were compared with a two-way ANOVA
considering both gender and pathology. Bonferroni post-hoc tests were used to investigate
differences between individual groups. A significance level of ¢=0.05 was employed for all
measurements. A receiver operating characteristics (ROC) analysis was used to evaluate the
diagnostic potential of the two parameters.

A total of 98 samples were collected. Of these 98 samples, 14 were removed due to
incomplete collection (2 subjects) or abnormal measurement values that indicated potential
deviations from the protocol (12 subjects whose mean MFR<PTF). Forty normal speakers,
21 subjects with vocal nodules, and 23 with vocal polyps comprised the remaining 84
samples. Summary statistics are presented in Table I.

Gender Differences

The mean PTF measurement for men was 0.10+0.08 L/sec, while the mean PTF value for
women was 0.07+0.04 L/sec. The difference in PTF between males and females was
statistically significant (p=0.047). Mean MFR for males and females were 0.22+0.16 L/sec
and 0.13+0.63 L/sec, respectively (p=0.008).

Pathological Differences

The gender analysis results indicated gender had a considerable effect on both PTF and
MFR; therefore, gender was included in the ANOVA. The resulting two-way ANOVA using
PTF data showed that, after adjusting for gender differences, the influence of pathology was
significant (p<0.001) (Figure 2). Bonferroni post-hoc tests revealed a significant difference
between normal subjects and subjects with vocal fold polyps (p<0.001). There was not a
significant difference between subjects with vocal fold nodules and those with normal
voices (p=0.177) or between those with vocal fold polyps and vocal fold nodules (p=0.246).
A two-way ANOVA on MFR data revealed that MFR was significantly influenced by vocal
pathology (p<0.001). Post-hoc analysis identified significant differences between normal
and vocal fold polyp groups (p<0.001) as well as between vocal fold polyp and vocal fold
nodule groups (p=0.039). Normal and vocal fold nodule MFR values were not significantly
different (p=0.568) (figure 3).
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ROC Analysis

Receiver operating characteristics (ROC) analysis was used to evaluate the potential of PTF
to distinguish normal from pathological subjects. The area under the curve (AUC) for PTF
was 0.691 (p=0.003) which was very similar to the AUC found using MFR (0.684, p=0.004)
(Figure 4). MFR obtained a sensitivity of 0.705 and a specificity of 0.600 while PTF
identified pathology with a sensitivity of 0.636 and a specificity of 0.650.

DISCUSSION

Data collected from both normal and pathological subjects provide support for the potential
of phonation threshold flow (PTF) as a parameter capable of assessing normal and
pathological voices. A significant difference was found between the PTF of normal subjects
and subjects with vocal polyps. Additionally, males displayed a significantly higher PTF
than females. This can be attributed to males having a longer vocal fold length, a parameter
with which PTF has a direct relationship.

Of the 98 subjects tested, 14 did not appear to adhere to the study protocol. Attempts to
minimize potential confounding effects were made. An airflow tube was used instead of a
mask to standardize the vocal tract by holding the tongue in place and to minimize
variability associated with mask placement and trial length. Trials were kept below five
seconds to avoid vocal fatigue. In 12 subjects, the measured PTF was greater than the MFR.
This can most likely be attributed to a post-phonatory expiratory airflow peak. While trial
length was not long and subjects rested between trials, it is possible that the experiment
disrupted the normal respiratory cycle, thus resulting in an urge to exhale upon completion
of the trial. As researchers become increasingly familiar with the PTF measurement
procedure, they can be more mindful of post-phonatory expiratory airflow peaks and provide
minimal subject training to generate more accurate values.

Two limitations of the study will be the subject of future research seeking to improve current
PTF measurement methodology. The experimental system measures airflow at a precision

of .01 L/s. While this is sufficient for measuring MFR, greater precision is desired when
measuring the low airflow values at the phonation threshold. Secondly, alternative means by
which the phonation offset is determined could be explored. This study determined
phonation offset as the point at which the sound pressure level of subject phonation
decreased to the level of ambient noise in the room. It is possible that subject phonation
could continue below 50 dB, but detection would require a sound proof room. Because PTF
is presented as a parameter which could be used in the clinic to assess laryngeal health, the
procedures outlined represent methods deemed clinically feasible.

Though PTF measurement is in its infancy and can be improved, it shows potential for
clinical value. It has been demonstrated to be theoretically15 and now experimentally
dependent upon biomechanical properties of the larynx. A significant difference between
normal subjects and subjects with polyps was found. The elevated PTF was presumably the
result of an increased pre-phonatory glottal width and vocal fold mass due to the polyp.
While a significant difference was not found between subjects with polyps and subjects with
nodules, there was a discernible difference in the means. Future research with improved
collection procedures and increased sample size may demonstrate statistical significance. A
significant difference was not observed between normal subjects and subjects with nodules,
likely because the presence of nodules did not significantly increase the pre-phonatory
glottal width, an observation made during stroboscopic examination. Future studies
examining the relationship between polyp size and PTF could be helpful in analyzing
disease severity from a functional perspective. Investigating other vocal pathologies such as
scarring or paralysis, which would affect vocal fold stiffness, may provide further
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information on how pathologies affect voice production. Pre- and post-treatment
measurements could also be recorded and used to evaluate treatment efficacy.

While measurements of subglottal pressure and MFR during sustained phonation provide
insight into the aerodynamics underlying voice production, measuring these parameters at
the phonation threshold is more valuable in determining the amount of effort required to
produce voice. This is the first study measuring PTF for normal and pathological subjects;
however, ROC analysis demonstrated that PTF has a comparable and even slightly better
diagnostic potential than MFR, a parameter which has been researched extensively.
Difficulties associated with PTP measurement, such as the variability of subject-controlled
labial interruption or the reflexive response that can be elicited by mechanical interruption,
are not encountered during PTF measurement. Airflow can be easily and noninvasively
measured using a tube or circumferentially-vented face mask. PTF is also more sensitive
than PTP to parameters such as glottal abduction. As PTF measurement is further developed
and refined, it could become a routine test in both the clinical and experimental settings,
reflective of laryngeal health and tissue characteristics.

CONCLUSION

Phonation threshold flow (PTF) and mean flow rate (MFR) were measured in normal
subjects, subjects with vocal fold polyps, and subjects with vocal fold nodules. Differences
in PTF between genders and among normal, polyp, and nodule groups were examined.
Significant differences were found between males and females as well as between normal
subjects and subjects with polyps. With further research, PTF could become a clinical
parameter used to evaluate laryngeal functionality, as it is dependent upon biomechanical
properties of the larynx and has been demonstrated to be sensitive to pathology.
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Figure 1.

Estimation of phonation threshold flow (PTF). Phonation offset was defined as the point
where subject phonation decreased to 50 dB, the level of ambient noise. The glottal airflow
at this time was estimated as the PTF.
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Box plots of phonation threshold flow (PTF) for the normal, polyp, and nodule subject
groups. There is a significant difference between normal subjects and subjects with polyps
(p < 0.001).
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Figure 3.

Box plots of mean flow rate (MFR) for the normal, polyp, and nodule subject groups. There
is a significant difference between normal subjects and subjects with polyps (p < 0.001) and
between subjects with polyps and subjects with nodules (p = 0.039).
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Figure 4.
ROC analysis of PTF and MFR. MFR and PTF are similar in performance with AUC values

of 0.684 and 0.691, respectively.
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