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Abstract

Hypothesis: Vocal fold vibration may physically raise intravascular pressure to levels high
enough to damage capillaries and result in leakage of erythrocytes. This type of injury is
commonly seen in benign vocal fold lesions and is not well explained.

Study Design: Theoretical, retrospective.

Methods: The relationship of intravascular pressure to vibration frequency and amplitude is
derived and confirmed with a physical blood vessel model, then applied to published human
measurements to estimate human intravascular pressures.

Results: Vocal fold intravascular pressure is predicted to have a quadratic dependence on both
frequency and amplitude. During speaking, the pressure may rise to over 20 cmH»0, and may
reach levels far higher for screaming and singing. Such pressure magnitudes are known to trigger
inflammatory cascades and can lead to fluid leakage. They also have the potential for
pharmacologic control with S-agonists.

Conclusions: Intravascular pressure likely rises significantly during vocal fold vibration and
may lead to the type of injury seen in benign vocal fold lesions. The results support voice therapy
aimed at reducing vibratory amplitude. More vibratory amplitude measurements need to be
performed in a wider range of subjects before the full range of human vocal fold vascular
pressures can be estimated.
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INTRODUCTION

Several histologically-related benign vocal fold lesions—nodules, polyps, and Reinke’s
edema—are widely believed to be the result of voice-related trauma since they occur
frequently in individuals who use their voice professionally, excessively, or incorrectly.1-2
Increased collision forces® and increased Bernoulli separation forces* are thought to be the
underlying mechanisms for the formation of these lesions based on their location and
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associated histologic findings®; however, it is difficult to separate the damage that may have
led to the lesions from the damage caused by the lesions. All three of the lesions display
blood vessel disruption with leakage of erythrocytes,5-8 and this is thought to lead to edema,
scarring, and excessive vessel proliferation.6 Current treatment assumes that physical trauma
leads to vessel damage,®-11 although attempts at reproducing phonotrauma through
excessive voice use during in vivo canine studies lead to only slightly similar patterns of
injury, with comparable lesions occurring only where vessel damage may have previously
been present.12

The stress experienced by the vocal fold vasculature is unique due to the flow of
incompressible fluid within the vessels. The acceleration from vocal fold vibration leads to a
movement of fluid toward the midpoint of the vocal folds3 and may create a buildup of
intravascular pressure. Studies performed on rabbit lungs and frog intestinal capillaries show
that pressures between 40 and 80 cmH-O, respectively, can lead to capillary failure and
leakage of erythrocytes.1415 Even small rises in pressure can trigger inflammatory pathways
through Ca2* dependent intracellular signaling.16 The pressure inside the vocal fold
capillary network during phonation is unknown and may be dependent on various phonotary
parameters. In this study, we derive a mathematical theory for the acceleration-induced rise
in pressure in small vessels and confirm it experimentally using a physical vibrating-tube
model. To get a sense of the magnitude of this effect in the human vocal folds, we then apply
this theory to published measurements of normal human phonation.

MATERIALS AND METHODS

Theoretical Model

In this study we focus on the small blood vessels in the lamina propria of the vocal folds.
These vessels run parallel to the glottic edge in the anterior-posterior axis,1” and we assume
that they oscillate sinusoidally with the rest of the tissue.1® We will isolate one such vessel
that is within the middle lamina propria layers away from the mucosal wave and oscillates in
only one plane (Fig. 1). The lateral motion J(x, 7 of a point in this vessel can be described
by a sine function oscillating in time multiplied by an amplitude function a(x).

y(x, 1) = a(x) - sinzf - 1) (1)

where fis the fundamental frequency, ¢is time, and x is the anterior-posterior axis
coordinate. Taking the derivative twice and multiplying by mass gives the lateral force A, (x,
1) necessary to maintain this vibration:

F (0= —pVQx % ax) - sinRaf -1 (2)
The mass is given by the density p of the liquid in the vessel and a small volume V. Notice
that this expression contains equation one multiplied by negative constants, i.e., the direction

of the force on the fluid is always opposite the position. Therefore, the inertia of the fluid
always points away from the y-axis and will lead to fluid movement toward the most lateral
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tube location, which would usually be at the midpoint of the membranous vocal folds.
Integrating the force component in the direction along the vessel, from a fixed endpoint,
amplitude 0, to the midpoint, with maximum amplitude A, gives the pressure from the forces
along the vessel:

P =272 f2A% sin’Qrf -1 (3)

This is the pressure in the entire segment of the vessel. Each point also experiences a force
perpendicular to the vessel surface, which is maximal at the point with the greatest lateral
displacement or amplitude. For small vessels, the additional pressure from this force is much
smaller than from the additive forces summed in equation three, however, it raises the stress
at this location.

Physical Model

The physical model (Fig. 2) consisted of a latex tube held rigidly in place on both ends and
suspended above an electromagnetic coil powered by a square wave generator. Two small
doughnut-shaped neodymium magnets positioned 3 cm apart in the middle of the tube
coupled the tube to the electromagnet. One end of the tube was sealed, and the other end was
connected to a water-filled container elevated 5 cm above the level of the tube. The vacuum
pressure in the air space above the water in the container was measured using a vacuum
gauge.

A small hole was cut either halfway, one-third, or one-sixth down the length of the tube.
These three different positions served to confirm that the span of the vessel in the vocal folds
has no consequence on the buildup of pressure. Two different inner tube diameters, 1.6 mm
and 3.2 mm, and several different lengths, 14.5 to 23 cm, were also used to exclude the
influence of vessel diameter and vocal fold length on the pressure.

Each experimental trial began by first allowing the water to drain through the tube while it
was at rest until the vacuum pressure in the container became equivalent to the elevation of
the water above the tube opening. Then the tube was driven into single-mode oscillation near
its fundamental frequency with the electromagnet. The frequency was increased in
increments of 0.5 Hz and the pressure was recorded. A long-exposure digital photograph
was taken at each measurement. The amplitude of vibration increased with increasing
frequency until the tube abruptly stopped vibrating. The pressure was then allowed to
equilibrate to the new water level.

During data analysis, the influence of gravity on the pressure measurements was subtracted
using the initial and final stationary measurements. The photographs were calibrated with a
ruler placed near the tube. The amplitudes were determined from the photographs using
CAD (computer-aided design) software.

Human Vibratory Parameters

The frequency range of human phonation is easily measured and ranges from 100 Hz to 250
Hz while speaking, reaching over 1,000 Hz while singing.1® Vibratory amplitude is much
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more difficult to measure accurately, as fiber optic and rigid laryngo-scopes are difficult to
calibrate. This problem can be overcome by shining a low-energy parallel laser beam of
known spacing onto structures within the viewing field. Figure 3A shows the results of
measurement taken by Schuster et al. in the only published data set using this method.20

Theoretical Model

The theoretical model predicts that fluid pressure rises in vibrating vessels in proportion to
frequency and amplitude squared. This pressure oscillates during the vibratory cycle. The
average and peak pressure can be determined by substituting the maximum and average of
sin?, 1, and 0.5 into equation three. The other constants simplify to 0.0002 cmH,0/mm?2 Hz2
using the average density of blood. Multiplying this value by fundamental frequency and
vibratory amplitude squared provides an estimate for the peak capillary pressure in vocal
fold vessels.

Physical Model

The vibrating tube model pumped water through the tube until the magnitude of the vacuum
pressure generated in the water container stopped the flow. Table | shows the results of each
trial. The slope column corresponds to Figure 4, which is a plot of the pressure versus the
amplitude and frequency squared for each trial. The theoretical slope was obtained from the
constants in equation three using the density of water for p and 0.5 for the average of sin2.
The tube diameter, length, and hole position did not show any predictable effect on pressure.
During the experiment, the amplitude showed a linear correlation with the frequency as the
latter was raised. To examine whether amplitude and frequency independently affected the
pressure, the amplitude was kept constant in trial 1 by adjusting the length of the tube. This
tuned the tension to match the rises in frequency. The results demonstrate excellent linear
correlation coefficients to equation three and an error of about 10% for the predicted slope
(Table I).

Human Intravascular Pressure Estimate

The human amplitude and frequency data from Schuster et al. were applied to equation three
to estimate the peak pressure magnitude in the blood vessels of speaking adults. The results
predict that peak pressures range between 0 to 20 cmH»0 in healthy volunteers speaking
with fundamental frequencies between 119 Hz to 555 Hz (Fig. 3B). To examine how this
may change for frequencies higher than 550 Hz, the mean and SD of the available
amplitudes were extrapolated to higher frequencies. This demonstrates that at amplitudes
approaching 1 mm, fundamental frequencies greater then 600 Hz rapidly raise peak
intravascular pressures to 50 cmH,0 and higher.

DISCUSSION

This study used a mathematical and physical model to demonstrate that fluid within a
vibrating vessel moves toward the point in the vessel with the highest vibratory amplitude.
In sealed vessels, this leads to a rise in the pressure within the vessel proportional to
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frequency and amplitude squared. The mathematical model provides a quantitative
description of this behavior and shows that it is a consequence of the forces necessary to
keep the fluid vibrating along with the vessel. Since this is a physical phenomenon, it can be
applied to any similarly oscillating fluid filled vessel.

This theory was applied to human vocal fold vessels using frequency and amplitude
measurements of healthy speaking adults. It predicted an additional 0 to 20 cmH,0 of
intravascular pressure during phonation, far lower than the 40 to 80 cmH,0 of pressure
observed to rupture other microvessels.14-15 Therefore, this effect has probably minimal
negative consequences in the general population. However, when the amplitude range of
speaking adults is extended to the frequencies of soprano singers, the intravascular pressures
rises dramatically. Although vibratory amplitude is expected to decrease at high vibration
frequencies due to a rise in tension, we observed the reverse in our physical model.
Similarly, many untrained singers inadvertently raise their pitch when singing louder.1® This
occurs with large amplitudes of vibration, which lead to increased length, tension, and
fundamental frequency.2! These situations could lead to severe vessel damage.

Our physical model differs in some aspects from human vessels. Vocal fold blood vessels are
embedded in soft tissue, therefore, a small amount of damping probably exists between the
motion of the glottic edge and the motion of the vasculature. Also, the forces demonstrated
in this study will pull blood away from the venous capillaries back into the vocal folds.
Indirect studies measuring the flow of blood to the vocal folds have shown mixed results.
22,23 and did not examine the change in blood flow under different phonotary conditions.
There may be valves or local control mechanisms that keep blood flowing in the proper
direction and possibly regulate the pressure, although, this phenomenon will undoubtedly
exist to some degree.

One clear application of this theory is to the pathophysiology of benign vocal fold lesions,
due to the similarities of their histologic findings®8 to studies of microvessels subjected to
high intravascular pressures.1415 Unfortunately, accurate frequency and amplitude
parameters are not known for individuals susceptible to benign vocal fold lesions. Our study
suggests that these individuals will have higher than average fundamental frequencies and
amplitudes. Singers are more susceptible to nodules2 and occasionally perform at high
fundamental frequencies, although, as already discussed, it is difficult to predict their
vibratory amplitudes. Women also have higher fundamental frequencies, and are more
frequently diagnosed and treated for nodules and Reinke’s edema.2 Female sex hormones
in general have beneficial effects on arterial vessels; however, they promote angiogenesis,2*
a key factor in nodule formation.® For women who smoke, the additional adverse effects of
nicotine on vascular permeability and capillary fragility?> may make this population more
susceptible to even moderately elevated vocal fold capillary pressures. Some studies show
that even small rises in capillary pressure can trigger Ca2* -dependent endothelial
contraction and increases in vascular permeability.16 Furthermore, mechanically stretched
endothelial cells trigger inflammatory cascades that persist long after the increased stress has
subsided.16
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These results support voice therapy aimed at reducing glottic amplitudes at high frequencies,
which can be accomplished by decreasing sound intensity. One very exciting aspect of this
theory is the possibility for future pharmacologic therapy. S-adrenergic agonists® and
calcium channel blockers?” decrease pressure and inflammation-induced rises in hydraulic
permeability. The relationship of these medications to benign vocal lesions has not been
studied, and topical means of drug delivery may need to be developed to overcome side
effects,28.29 however, they may greatly augment non-surgical treatment of these lesions.

CONCLUSION

This study predicts that intravascular pressure rises during vocal fold vibration near a
magnitude that would cause concern for vessel damage and extravasation of erythrocytes.
Further amplitude and frequency measurements need to be performed before the full range
of pressures in the vasculature and the impact they have on pathology can be deduced. These
measurements should include patients who push phonation to the extreme, such as singers
and patients with recurrent benign vocal fold lesions.
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cartilage

Fig. 1.
Diagram of a swollen damaged vocal fold blood vessel (not to scale) in relation to the vocal

ligament, thyroarytenoid muscle, and laryngeal cartilages. We simplified vessel vibration to
lateral motion along the y-direction. The white arrows show the compression of fluid within
the vessel from the inertial forces. A indicates the maximum amplitude.
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Vacuum pressure guage

Fig. 2.
Physical model simulating the vocal fold vessels with a latex tube driven by an

electromagnet.
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(A) Laser calibrated amplitude and frequency measurements of 13 female and 9 male
volunteers with no signs, symptoms, or history of voice disorders, taken from a study by
Schuster et al.20 (B) Estimated peak pressure values with respect to frequency when the
measurements from (A) are plugged into equation three with sin?= 1. The fluid density of
capillary blood was used for p, 1040 kg/m3. The mean and standard deviation of the
amplitudes in (A) were used to plot the mean and standard deviation of the estimated peak
pressure values in (B).
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Fig. 4.

Pressure plotted with respect to frequency squared and amplitude squared for each trial of
the vibrating tube experiment. The trial numbers, linear regression, and theoretical average
correspond to Table I. The inset enlarges the boxed area in the main graph.
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