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ABSTRACT:
Edema of the vocal folds (VFs) is the result of an inflammatory response to injury (phonotrauma), or other

deleterious stimuli, causing fluid build-up in the VF tissue. Although a mild level of edema has been postulated to be

prophylactic, excessive edema has been identified as a pathway in the development of vocal hyperfunction. Herein

we present a multi-time scale finite element model to examine the progression of VF edema in response to phono-

trauma. Phonotraumatic damage was assessed by two measures: viscous dissipation and positive strain energy rate.

Time-averaged phonotrauma over short time scales was assumed to drive swelling over longer time scales in propor-

tion to the damage measure via a damage sensitivity gain. Healing was assumed to continuously act to reduce swell-

ing. Growth rate analysis indicated that edema depends on a balance between healing, compensatory adjustments to

maintain desired voice output measures, and altered VF vibration due to edema. For high damage sensitivity relative

to healing, peak edema resulted in roughly 25% local peak swelling at 0.15 h, whereas low damage sensitivity led to

swelling trending toward a steady condition requiring little compensation to maintain voice outputs. In general, fluid

accumulation was distributed non-uniformly across the VFs with concentrations near the VF medial surface and the

superior end of the body. Results from this first-ever model connecting phonotrauma at the short time scale and

swelling at the longer time scale exhibited rapid edema progression under certain conditions, aligned with the

“vicious cycle” hypothesis of hyperfunction, wherein localized edema initiated a positive feedback loop that led to

even greater localized swelling.VC 2026 Acoustical Society of America. https://doi.org/10.1121/10.0042272
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I. INTRODUCTION

Edema is the result of an imbalance between fluid influx

from capillaries and efflux to the lymphatic system (Gordon

Betts et al., 2022) that leads to fluid build-up in the intersti-

tial space. Although many factors may trigger such an

imbalance, a common precipitant is the inflammatory

response to injury, wherein the wound initiates a complex

biochemical response, leading to increased capillary perfu-

sion to the tissue (Mortimer and Levick, 2004). Edema can

arise in the vocal folds (VFs) in response to phonotrauma

during vibration (Czerwonka et al., 2008), which can nega-

tively impact VF motion and voice outputs (Murphy Estes

et al., 2022). Edema has been, for example, correlated with

a perception of vocal fatigue (Hunter and Titze, 2009), deg-

radation in voice quality (Bastian et al., 1990), and has been

implicated as a potential progenitor of the “vicious cycle” in

phonotraumatic vocal hyperfunction (PVH) (Hillman et al.,
2020), wherein phonotrauma induces local edema, which is

then exacerbated via a positive feedback loop. Furthermore,

VF edema likely contributes to variations in the daily pho-

notrauma index Nudelman et al. (2022), an important clini-

cal measure of voice.

As described in a recent scoping review by Watson

et al. (2024), phonatory loading has been proposed to cause

compounded phonotrauma, in which subsequent episodes of

tissue injury lead to progressive edema and chronic inflam-

mation extending from the epithelium into the superficial

lamina propria. This cascade is theorized to initiate localized

pathology via subepithelial fibrovascular changes and

increased vascularity to aid tissue healing, potentially culmi-

nating in fibrosis rather than complete regenerative repair

(Haben, 2012). Verdolini et al. (2003) characterized the

time course of inflammation-related molecules by swabbing

the VFs of a subject after a loud phonation task and found

strong shifts in several inflammation-related signals. Other

in vitro work also shows that human VF fibroblasts respond

to pro-inflammatory cytokines and mechanical vibration

(Branski et al., 2009; Hortobagyi et al., 2020), consistent
with a mechanosensitive inflammatory response on the order

of hours (Ingle et al., 2014; Verdolini Abbott et al., 2012).
Likewise, acute vocal loading tasks in healthy adults have

demonstrated increases in pro-inflammatory cytokines

within hours of phonation. These inflammatory cascades are

associated with changes in tissue properties, with in vitro
and in vivo studies reporting increased vascular permeabil-

ity, extracelluluar matrix remodeling (altered collagen and

hyaluronan content), and changes in viscoelasticity of thea)Email: peterson@uwaterloo.ca
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lamina propria following phonatory injury or cytokine expo-

sure (Branski et al., 2009; Hortobagyi et al., 2020; Rousseau
et al., 2004).

While considerable advances have been made in the

exploration of the biological process of edema, the bidirec-

tional connection between VF biomechanics and organ-level

inflammatory response remains opaque. Agent-based mod-

els and in vitro biological studies provide valuable cellular-

level information on the progression of the inflammatory

process; however, they do not capture the phonatory pro-

cesses that trigger the inflammation or the resulting change

in tissue properties due to inflammation. The latter is partic-

ularly important since changes in the tissue’s local material

properties due to inflammation may influence VF vibration

and thus subsequent phonotrauma.

This study aims to develop, for the first time, a model

of edema progression, coupling a finite element (FE) model

of VF vibration and phonotrauma with a long-time scale

model of edema progression and healing. While the molecu-

lar mechanisms underlying edema and its progression are

not yet fully understood, observations of compounded pho-

notrauma [see, e.g., Watson et al. (2024)] and in vitro stud-

ies on inflammatory markers [e.g., Hortobagyi et al. (2020);
Ingle et al. (2014); Verdolini Abbott et al. (2012)] provide a
biologically plausible rationale for representing a slower,

tissue-level time scale of injury and healing in our model.

Critically, we are interested in the connection between voice

use and the rate of VF swelling, toward understanding

potentially healthy versus unhealthy VF swelling, with the

latter potentially contributing to the “vicious cycle” of pho-

notraumatic hyperfunction (Hillman et al., 2020). It is

hypothesized that coupling between compensatory mecha-

nisms during short voicing time scales and swelling over

long tissue time scales affects this rate of VF swelling. To

achieve this, we incorporate compensation to maintain the

same voice output at each swelling stage and explore condi-

tions that affect the rate of edema progression.

The remainder of the paper is organized as follows:

Section II discusses the coupled model used to simulate

edema progression. Section III presents simulation results.

Section IV discusses the results. Section V clarifies model

limitations. Section VI concludes the manuscript.

II. METHODS

The edema progression framework comprises two cou-

pled models bridging disparate time scales. A tissue time

scale model (long time scale) captures changes in VF edema

in response to the output of a voicing time scale model

(short time scale), which provides the measure of phono-

trauma driving swelling. We assume that changes in swell-

ing during voicing are negligible; and therefore, the two

models can be solved independently, with coupling between

the models through source-like terms and tissue property

changes (see Fig. 1).

Since edema affects VF geometry and material proper-

ties, and therefore voicing, it is expected that individuals

will compensate using adjustments of the vocal mechanism

to maintain expected voice outputs (Galindo et al., 2017). In
general, there are many potentially viable compensatory

adjustments (laryngeal musculature adjustments, lung pres-

sure changes, etc.) and voice features [frequency, sound

pressure level (SPL), etc.] involved; however, we consider

only subglottal pressure compensation to maintain speech

volume in this study. Compensation couples the tissue time

scale model to the voicing time scale model; specifically,

tissue modifications alter the VF dynamics and acoustic out-

puts, which then necessitate compensatory adjustments to

subglottal pressure. We note that the subglottal pressure is

treated as constant in the voicing time scale but allowed to

vary in the tissue time scale to provide the compensation.

Biological observations show that VF tissue swells in

response to phonotrauma, both acutely after intense voice

use and chronically with repeated loading, linking biome-

chanical tissue damage to tissue-level inflammatory

responses and edema (Branski et al., 2009; Czerwonka

et al., 2008; Hortobagyi et al., 2020; Ingle et al., 2014;
Leydon et al., 2014; Watson et al., 2024).

A flow chart describing the overarching model and

related compensatory action is shown in Fig. 1. The

“voicing time scale” model (upper rectangle) captures VF

vibration, voice output, and compensatory adjustments to

maintain SPL over the voicing time scale, Tv. The “tissue

time scale” model (lower rectangle) depicts adjustment to

the swelling field (edema), l, over the tissue time scale, Tt,
due to phonotrauma incurred during voicing. Solid arrows

indicate general steps involved in solving for the progres-

sion of edema; these steps are further described in the

respective model sections (see Secs. II A and II B). Coupling

between the two models is depicted with dashed arrows.

A. Voicing time scale model

The voicing time scale model consists of a three-

dimensional (3D) FE-based model of the VFs coupled with

one-dimensional (1D) Bernoulli-based glottal flow models,

as shown in Fig. 2. The solid contains a total of 9675 tetra-

hedral cells split into 15 coronal sections, with each section

coupled with a 1D flow model that applies fluid loading to

that section.

Tissue kinetics are governed by the conservation of linear

momentum. Neglecting body forces this can be written in

strong form as follows (Gurtin et al., 2010, their Sec. 19.6):

qta ¼ r � r; (1)

where qt is the material density, a is material acceleration,

and r is the Cauchy stress tensor. Eq. (1) applies in the cur-

rent (deformed) configuration of the body. Applying the

principle of virtual work and integrating by parts results in

the weak form in the current configuration (Gurtin et al.,
2010, their Section 22.2) as follows:ð

Xt

qta � @uþ r : @�½ � dv�
ð
@Xt

pn̂ � @u da ¼ 0; (2)
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where @u is the virtual displacement, � ¼ 1=2ðF> þ FÞ is

the infinitesimal strain tensor with F ¼ @u=@x being the

deformation gradient tensor, Xt is the deformed VF volume

at time t and @Xt is its boundary. Aerodynamic loading

results in a surface traction pn̂, where p is the fluid pressure

obtained from the Bernoulli flow model and n̂ is a unit vec-

tor orthogonal to @Xt. Mapping Eq. (2) to the reference

(undeformed) configuration (Bonet and Wood, 2008; Gurtin

et al., 2010, Chapter 8, Chapter 24), X (with boundary @XÞ,
results in the Lagrangian formulation as follows:ð

X
qa � @uþ S : @E½ � dv

�
ð
@X
p detðFÞF�>n̂ � @u da ¼ 0;

where q is the reference density, S is the second Piola-

Kirchhoff stress tensor, and E is the Green-Lagrange strain

tensor. To form our model, we make additional assumptions

about viscoelasticity, the constitutive equation for S, and the

effects of swelling, which results in the governing equation

to be solved as follows:ð
X
ð1þ lÞqa � @uþ g _� : @ _� þ SðE; e; �; l;mÞ : @E½ � dv

þ
ð
@X
repi : @�epidepi da

�
ð
@X
p detðFÞF�>n̂ � @u da ¼ 0; (3)

where v is the material velocity, l is the swelling field,

ð1þ lÞq accounts for changing density with swelling, g is

FIG. 1. Flowchart illustrating the coupling between voicing (upper block) and tissue (lower block) time scale models. Dashed arrows indicate coupling data

between the two models. Barred lines between the two blocks conceptually illustrate the relative time scales.

FIG. 2. FE-based VF model schematic showing the M5-based VF geometry

(Scherer et al., 2001). The VF interior is divided into cover and body layers

with an epithelium membrane at the fluid boundary. Fluid flow is modeled

as a collection of independent narrow channels. Inset: Close-up of the fluid

model nodes and one-to-one correspondence with nodes on the mesh

surface.
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the material viscosity, SðE; e; �; l;mÞ is the hyperelastic

constitutive equation incorporating swelling with ðe; �; l;mÞ
being material properties (described further below), and

repiðe; �Þ�epidepi represents the epithelium membrane (Deng

and Peterson, 2023; Deng et al., 2023; Hansbo and Larson,

2014).

The VF constitutive equation was modeled using a

Saint-Venant Kirchhoff hyperelastic material with an

embedded model of swelling (Deng et al., 2023) as follows:

S E; e; �; l;mð Þ ¼ lmþ1=3 e�

ð1þ �Þð1� 2�Þ TrEð ÞI þ e

1þ �
E

� �
;

E ¼ l�2=3 Eþ 1

2
1� l2=3
� �

I

� �
;

(4)

where e is Young’s modulus and � is Poisson’s ratio. The

swelling modification follows the procedure described in

Tsai et al. (2004), Pence and Tsai (2005), and Gou and

Pence (2016). As mentioned previously, the parameter l is

the local volume change (that is, the swelling field), and m
controls the corresponding swelling-induced stiffness

changes. If m> 0, the material locally stiffens as the local

volume increases. Herein a value of m¼ –0.8 was employed

based on measured stiffness changes from dehydrating VFs

(Yang et al., 2017), with the negative sign indicating mate-

rial softening with swelling.

The pressure loading, p, was modeled by the 1D

Bernoulli equation. Specifically, the fluid domain was

divided into 15 coronal sections (Fig. 2), and the flow in

each coronal plane was modeled using the 1D Bernoulli

equation in order to accommodate for anterior-posterior var-

iations in aerodynamic pressure loading; thus, the flow in

each coronal plane is dependent only on the VF geometry in

that given plane and is independent of the flow in neighbour-

ing sections. The pressure and flow rate for surface nodes in

a given coronal plane are given by the following:

p sð Þ ¼ psub � q
2
q2aðsÞ�2; s < ssep;

psep; s � ssep;

(
(5)

q2 ¼ 2

q
ðpsub � psepÞaðssepÞ2; (6)

where psub is the subglottal pressure, psep the pressure at the

location of flow separation, s is a surface coordinate, and

aðsÞ is the glottal cross-sectional area. As illustrated in the

inset of Fig. 2, the Bernoulli model applies pressure to the

surface nodes while deformations of the VF change the local

cross-sectional area, aðsÞ. Subglottal pressure can be

adjusted as a compensatory action (see Sec. II A 2; Fig. 1).

Flow separation was specified at ssep, defined as when

aðsÞ=amin > 1:2 (Decker and Thomson, 2007; Geng et al.,
2021).

Numerical solution of Eq. (3) was conducted using a

simulation code written in Python, which used the FE

framework FEniCS (Logg and Wells, 2010) and scientific

Python packages including NumPy (Harris et al., 2020) and
SciPy (Virtanen et al., 2020). All codes have been made

available via a GitHub repository (https://github.com/

jon-deng/vf-swelling). Equation (3) was integrated in time

using the Newmark time stepping scheme (Newmark, 1962)

to approximate acceleration, a, and velocity, v, as functions

of displacement, u, over a period of T¼ 0.4096 s with a time

step of Dt ¼ 5� 10�5 s. At each time step, this involves

solving the Newmark discretized weak form over the entire

domain in Fig. 2. Contact was modeled by enforcing a mini-

mum gap between the VFs with a penalty pressure in addi-

tion to Bernoulli fluid pressure. Material properties were

allowed to vary element to element due to swelling, as well

as from layer to layer in the VFs. Integrating the voicing

model over T therefore results in a time-history of VF accel-

eration, velocity, and displacement states (a; v; u) and glottal

flow and pressure states (p; q).
A summary of constant parameter values employed in

the voicing time scale simulations, as well as the references

from which they were obtained, is given in Table I.

1. Measures of phonotrauma

The biological mechanisms underlying VF edema pro-

gression in response to phonotrauma are complex and yet to

be fully understood (Johns, 2003; Verdolini et al., 2003).
From the modeling standpoint, a critical element that

remains obscure is what mechanical measures best represent

phonotrauma and how they relate to an inflammatory tissue

response. Herein we consider viscous dissipation and strain

energy rate as candidate measures of phonotrauma leading

to edema. Viscous dissipation was introduced by Titze and

Hunter (2015) in the form of a dissipated energy dose and

further explored by Motie-Shirazi et al. (2021), whereas

strain energy is often employed by the continuum damage

mechanics community (see, e.g., Balzani et al., 2012;

TABLE I. Constant parameter values. References from which the values

were obtained are provided in the right-most column.

Parameter Value References

ebody 5.0 kPa 1–3

ecover 2.5 kPa 1–3

eepi 50 kPa 4, 5

g 0.5 Pa s 1

� 0.4

m �0.8 6, 7

depi 0.005 cm 4, 5

psub 400 Pa (nominal)

T 0.4096 s

Dt 5� 10–5 s

1Alipour-Haghighi et al. (2000).
2Murray and Thomson (2011).
3Miri (2014).
4Hirano et al. (1982).
5Hirano and Kakita (1985).
6Yang et al. (2017).
7Deng et al. (2023).
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Chaboche, 1988). In the present study, viscous dissipation is

computed as follows:

_d ¼ g _� : _�; (7)

and positive strain energy rate as follows:

_d ¼ bSðE; e; �; l;mÞ : _Ec; (8)

where b�c denotes the positive part of the strain energy rate

(all negative strain energy rates become 0).

These damage measures vary in time due to VF vibration.

The time-averaged damage rate at a given point in the VFs,

which is assumed to correlate with edema growth, is computed

by integrating Eq. (7) or Eq. (8) over the voicing period. Only

the latter half of the voicing period (T¼ 0.4096 s) is considered

when computing the average phonotrauma to avoid contamina-

tion by numerical transients.

2. Compensatory adjustments and voice outputs

A simplified compensatory adjustment model is

employed, wherein only subglottal pressure, psub, changes to
maintain a target SPL. While in reality, there are multiple

compensatory mechanisms and compensatory targets, we

restrict our consideration to a single parameter for simplicity

of demonstration. Previous observations have shown that

subglottal pressure is the dominant factor affecting SPL

(Chhetri and Park, 2016; Galindo et al., 2017).
SPL is computed as the radiated pressure using the pis-

ton-in-baffle approximation (Kinsler et al., 2000) for the

glottal flow rate, q, as follows:

p̂rad ¼
j

2pr
qcq̂k expðjkrÞ; (9)

where r ¼ 1m is the distance from the source, c ¼ 340m s�1

is the speed of sound, and j ¼ ffiffiffiffiffiffiffi�1
p

. The variables q̂ and p̂rad
are complex Fourier-components of the flow rate and pressure

waveform, respectively, and k ¼ f=c is the corresponding

wavenumber. The flow rate waveform was computed as the

total flow rate from each coronal plane. SPL, denoted as Lp,
was then computed according to the following:

Lp ¼ 20 log10

1

n

Xn�1

i¼0

jj ^prad ijj2

20 lPa
; (10)

where p̂irad is the ith Fourier component of the radiated pres-

sure. Compensatory adjustments were computed by employ-

ing a Newton-Raphson procedure that iteratively adjusted

psub for a given VF configuration model until its output SPL

matched that of the nominally unswollen VF.

B. Tissue time scale model

The tissue time scale model captures phonotrauma-

induced increases and healing-induced reductions in edema

according to the following:

_l ¼ K _dðtÞ � Hl; (11)

where l depends on position within the VF, _dðtÞ is the pho-
notrauma rate from the voicing-time scale model, and K and

H are gains representing phonotrauma and healing, respec-

tively (further described below). Note that Eq. (11) and the

voicing time scale equations [Eq. (3)] represent a coupled

set of ordinary differential equations governing the simulta-

neous evolution of edema and VF vibrations.

Tissue changes occur over vastly longer times than VF

vibrations; as such, the coupled tissue and voicing time scale

models cannot be efficiently solved together for long dura-

tions. To address this, we aim to predict the tissue-time scale

dynamics by decoupling the two time scales using an

approach inspired by homogenization and multiscale model-

ing techniques (Pavliotis and Stuart, 2008, their Chap. 8).

Consider the voicing time scale, Tv (the time of a single

voicing period) and the tissue time scale, Tt, where Tt � Tv.
While the instantaneous damage rate will vary due to VF

oscillations over the time scale Tv, we hypothesize the time-

averaged damage rate over limit cycles of the VF vibration

will vary over a much longer time Tv � Dt � Tt. The peri-
odic behavior may in turn slowly change as tissue properties

changeover the tissue time scale, Tt. The period-averaged

damage rate is given by the following:

_d ðpsubðlÞ; lÞ ¼ 1

T

ðt0þT

t0

_dðtÞdt;

where t0 is an arbitrary starting time and T is the limit cycle

period. The dependence of _d on l represents how edema

changes tissue kinetics, whereas the dependence on psub
encapsulates compensatory adjustments. For time steps

Tv � Dt � Tt the increment in edema is then

Dl ¼
ðt0þDt

t0

K _dðtÞ � HlðtÞ
� �

dt

	 K _d ðpsubðlÞ; lÞ � HlðtÞ
� �

Dt:

Therefore, we expect the period-averaged phonotrauma

effectively acts as the damage rate for times Tv � Dt � Tt
and approximate the decoupled tissue-time scale dynamics

by the following:

_l ¼ K _d ðpsubðlÞ; lÞ � Hl: (12)

We numerically approximate this by integrating voicing

time scales over the last half of the simulation period.

Direct experimental measurements of the short-term

decay of interstitial edema in human VFs are scarce.

However, behavioral and perceptual studies of vocal fatigue

and recovery following vocal loading show recovery trajec-

tories that are well approximated by exponential-like decay

with characteristic recovery on the order of hours, motivat-

ing the use of an exponential term, Hl, in Eq. (12) to repre-

sent short-term resorption of edema and recovery of vocal
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effort at the tissue time scale (Hunter and Titze, 2009). In
vitro experiments on mechanically stimulated VF fibroblasts

further demonstrate that mechanical loading modulates

inflammatory signaling, supporting the idea that the effec-

tive decay rate of acute edema will depend on phonatory

loading history and mechanotransduction (Hortobagyi et al.,
2020). Thus, the exponential decay used here is a pragmatic

representation of short-term (in the tissue time scale) edema

resolution. Specifically, we employ H ¼ �log ð0:5Þ=5 h for

our model, which we extract from vocal fatigue observations

from Hunter and Titze (2009).

C. Edema growth rate of the tissue time scale model

In Eq. (12), _d is the time-averaged rate of phonotrauma

during voicing from integrating either Eq. (7) or Eq. (8)

over the voicing period, see Sec. II A. Thus, the damage sen-

sitivity (K) represents the bulk effect of sensitivity of swell-

ing to the chosen damage measure, as well as a duty cycle

accounting for intermittent voicing over long periods of

time. While the percent of time spent voicing can be quanti-

fied, the biological sensitivity of edema to a mechanical

damage measure remains elusive. The relationship between

tissue damage and edema is complex with little quantitative

supporting data; as such, we restrict our model to the use of

a simple gain K.
To determine reasonable values for K, we consider a

growth rate analysis of Eq. (12) to find values of K that

result in “fast” and “slow” edema progression. Specifically,

we linearize Eq. (12) about the unswollen state, l ¼ 1,

yielding a linearized model of the following form:

_Dl 	 KDlþ K _d jl¼1; (13)

K ¼ K
@ _d

@l
þ K

@ _d

@psub

@psub
@l

� HI

 !
; (14)

where Dl ¼ l� 1, K ¼ d _d ðpsubðlÞ; lÞ=dl is a matrix rep-

resenting the growth rate of the edema field with time (since
_d and l are both scalar fields), and I is the identity matrix.

We note that this differs from a traditional stability analysis

wherein an equilibrium edema state would be found, and

then the stability about that state would be evaluated. We

elect to linearize about l¼ 1 to limit computational cost.

The growth rate, K, can be decomposed into a set of

edema growth modes (eigenvectors) and corresponding

growth rates (eigenvalues). Modes with positive eigenvalues

represent edema distributions that grow exponentially with

time, whereas those with negative eigenvalues decay expo-

nentially with time. This eigenvalue decomposition of K is

computationally expensive ( _d requires integrating the voic-

ing time scale model); as such, we opt to approximate it

based on the growth rate of an a priori selected edema dis-

tribution, bDl
, where Dl
 is the unit edema distribution

(Dl
>Dl
 ¼ 1), and b its magnitude. This results in the

following:

_Dl 	 KDl
bþ K _d jl¼1:

Assuming the magnitude is given by b ¼ Dl
>Dl for any

edema distribution, Dl, the linearized edema magnitude is

governed by the following:

_b ¼ Dl
> _Dl 	 Dl
>KDl
bþ Dl
>K _d jl¼1

	 kbþ Dl
>K _d jl¼1: (15)

The growth rate of the selected edema distribution’s magni-

tude, b, is then given by the scalar:

k ¼ Dl
>KDl
 ¼ KDl
>
@ _d

@l
Dl


þ KDl
>
@ _d

@psub

@psub
@l

Dl


� HDl
>Dl
: (16)

To distinguish between “high” and “low” K values, we

determine a critical value, Kc, for zero growth rate,

k ¼ 0 h�1, given by the following:

Kc¼H Dl
>
@ _d

@l
Dl
þDl
>

@ _d

@psub

@psub
@l

Dl

 !�1

: (17)

Numerical values of Kc are computed from Eq. (17) by

replacing the derivative terms with finite-difference approxi-

mations. To find “fast” growth rates, we picked K such that

k ¼ 1 h�1 for each damage measure, whereas to find “slow”

growth rates, we picked K such that k ¼ �0:1 h�1.

Neglecting the non-homogeneous term, the first-order linear

ordinary differential equation in Eq. (16) suggests that the

edema magnitude evolves according to bðtÞ 	 expðktÞ. This
suggests for initial small changes in swelling, the fast

growth rate corresponds to tripling the swelling magnitude

every hour while the slow growth rate decreases swelling by

10% each hour. The resulting edema growth rates and dam-

age sensitivities, K, are provided in Table II.

III. RESULTS

In this section, we elect to present results for high K
(“fast” growth) with viscous dissipation as the damage mea-

sure (Sec. III A) to highlight general features of edema evo-

lution. Differences observed with strain rate energy as the

TABLE II. Summary of simulation cases.

Damage measure Growth rate K (cm3/erg)

Viscous dissipation fast 1.2� 10–5

Viscous dissipation slow 4.1� 10–7

Strain energy rate fast 1.5� 10–8

Strain energy rate slow 5.2� 10–10
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damage measure and for varying K are presented in

Sec. III B.

A. Viscous dissipation: “Fast” edema growth rate

Figure 3 shows the progression of edema states at key

time steps. Edema is initially minimal but increases non-

homogeneously with time. It is greatest at the mid-coronal

medial surface, which corresponds to the VF collision zone.

Edema is more broadly distributed within the body layer,

although there is a concentrated region toward the superior

margin near the where the VF connects to the rigid base-

ment membrane. It is likely that this is in part an artifact of

the applied rigid boundary condition and sharp corner lead-

ing to a high stress concentration. The local volume growth

reaches nearly 20% at these concentrated locations, illustrat-

ing the potential for non-homogeneous edema growth in

the VFs.

Figure 4 presents the corresponding compensatory sub-

glottal pressure. As edema increases, compensatory subglot-

tal pressure clearly increases in order to maintain the same

SPL with the new swollen VF configuration. Although

potentially counter-intuitive, we have previously shown that

swelling results in several changes to the VFs that influence

their dynamics, including decreasing stiffness, increasing

mass and volume, and altering the pre-phonatory gap (Deng

et al., 2023). Increasing mass and decreasing pre-phonatory

gap tend to reduce SPL, with the latter likely being the pre-

dominant effect here. The corresponding average degree of

swelling is presented in Fig. 5(a), which shows that, whereas

subglottal pressure growth rate increases with tissue time,

the average level of edema exhibits roughly linear growth

with only very modest evidence of slowing, aligned with the

linearized growth rate analysis of Sec. II C. The total volume

change in the body slightly exceeds that of the cover, but

both reach around 2% after 0.15 h of tissue time.

Conversely, a compensatory subglottal pressure increase in

approximately 25% is observed by 0.15 h. As suggested by

the last row of Fig. 3, local tissue swelling can far exceed

the average value.

Figure 5(b) shows the volume change at the two loca-

tions in the coronal mid-plane, identified in Fig. 3, correspond-

ing to locations of high localized swelling. At these points,

swelling increases approximately linearly with time, mimick-

ing the qualitative trend in average edema seen in Fig. 5(a).

Figure 5(c) quantitatively illustrates the non-uniformity in

FIG. 3. Progression of swelling states with time (rows from top to bottom) and moving away from the mid-coronal plane (columns from left to right).

Swelling progression is based on the viscous dissipation damage measure.

616 J. Acoust. Soc. Am. 159 (1), January 2026 Deng et al.

https://doi.org/10.1121/10.0042272

https://doi.org/10.1121/10.0042272


edema; for example, at 0.15 h, just 10% of the VF volume expe-

riences more than 5% swelling, further demonstrating the

highly localized nature that damage-induced swelling can

exhibit.

Figure 6 presents the displacement of the medial surface

along the coronal plane due to swelling over time. In the

collision region (highlighted in gray), the VF swells outward

by about 0.02 cm over the course of 0.15 h in comparison to

the unswollen condition at 0 h. The entire medial surface

displaces due in part to swelling within the body layer. A

small bump is also seen to be forming at 0.16 h.

Figure 7 shows the time-averaged glottal flow rate and

closed quotient on the tissue time scale. Qualitatively, the

flow rate waveforms on the voicing time scale are essen-

tially sinusoidal for all levels of swelling (tissue time instan-

ces), so they are excluded for brevity. While the coronal

midplane flow rate clearly decreases as edema progresses

(except past 0.15 h), the anterior-posterior (AP) averaged

flow rate begins increasing at 0.08 h. This is likely due to

the effect of the edema bump at the coronal midplane. As

the bump grows, the midplane area decreases; however, dur-

ing contact, the bump prevents full closure around the bump

geometry, thus increasing leakage flow and the AP averaged

flow rate. The closed quotient increases as the VFs swell

due to the localized swelling at the medial surface, which

decreases the gap between the VFs in the resting state.

B. Effects of edema damage sensitivity and damage
measure

The edema damage sensitivity, K, affects how quickly

edema grows with time. Figure 8 shows the compensatory

subglottal pressure and average volume change for “slow”

edema growth (small K) based on viscous dissipation. There

are clear differences in the compensatory subglottal pressure

and average swelling compared to the “fast” growth (high

K) seen in Figs. 4 and 5. The average volume change

appears to slow as tissue time progresses, and comparable

amounts of swelling take longer times to achieve.

Compensatory subglottal pressure grows during this time

but at a significantly slower rate compared to the “fast”

edema growth case.

The choice of damage measure also impacts edema

growth through changes in the swelling distributions. Figure 9

shows the edema states with time for varying coronal planes

using positive strain energy rate as the damage measure.

Similar to the edema distributions based on viscous dissipation

seen in Fig. 3, edema is distributed non-uniformly and concen-

trated near the medial surface and within the body layer of the

VF, albeit with minor differences due to the different damage

measure. For example, at the superior margin, viscous

dissipation-based edema is locally concentrated in the cover

FIG. 4. Compensatory subglottal pressure with phonation time. The com-

pensatory subglottal pressure increases with time to maintain a constant

SPL, which would otherwise decrease due to increasing edema.

FIG. 5. (a) The average change in volume due to swelling as a function of

tissue time, (b) the volume change at two locations in the coronal midplane

(see Fig. 3), and (c) the fraction of VF volume that exceeds a threshold

swelling, Dl1b.
FIG. 6. Medial surface displacement in the mid-coronal plane (z¼ 0.0 cm)

with time. The gray box highlights the approximate collision region.
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layer, while strain energy rate-based edema is locally concen-

trated in the body layer. Roughly speaking, viscous dissipation

is large wherever viscosity (uniform in our case) is high and

strain rates are large [Eq. (7)], whereas strain energy rate is

large wherever stresses and strain rates are large [Eq. (8)].

Near the superior margin, the disparate body and cover stiff-

nesses result in unequal loading carried by the two layers,

which thus localizes the majority of the strain energy rate in

the body. In contrast, uniform viscosity results in a concentra-

tion of viscous dissipation within the cover layer instead.

Despite these differences, similar peak edema magnitudes are

present at comparable times; for example, the peak volume

increase is about 18% at 0.37 h for strain energy rate-based

edema (Fig. 9) and about 20% at 0.16 h for viscous

dissipation-based edema (Fig. 3). Similarly, we found only

slight differences in the resulting trends in volume growth, the

results of which are omitted for brevity.

IV. DISCUSSION

The growth rate analysis in Sec. II C (Eq. (16) decom-

poses the swelling growth rate into three effects: edema

growth due to altered dynamics from edema, edema growth

due to compensatory actions from edema, and edema reduc-

tion due to healing. The first two mentioned factors are also

affected by the base VF properties (e.g., viscosity and stiff-

ness), which illustrates how individual biomechanical differ-

ences can affect edema progression. For example, a

propitious combination of VF layer properties or low VF

viscosity for an individual may allow them to produce large

SPL changes with low subglottal pressure changes which

would reduce the effect of edema growth due to compensa-

tory adjustments. In vitro bioreactor experiments have dem-

onstrated that mechanical stimulation in the form of model

vibrational stress actually promotes anti-inflammatory fac-

tors in VF tissue in an inflammatory state (Hortobagyi et al.,
2020), supporting the inclusion of a healing factor in our

model. Healing was modeled assuming exponential behav-

ior with its rate governed by the parameter H. For a given

sensitivity to phonotrauma (fixed K), were the healing

response more pronounced (higher H), the progression of

edema would be slowed. We note that healing in our model

is relegated to the tissue time scale and does not directly

influence voicing time scale kinetics.

The growth rate analysis (Sec. II C) also suggests fac-

tors that affect the progression of edema. First, the propor-

tionality from phonotrauma to edema and the phonation

duty cycle, captured in K, affect edema growth. The greater

the biological sensitivity of swelling to phonotrauma or the

more time an individual spends talking, the greater the value

of K and the more rapidly edema progresses. Second, the

model suggests that individuals who require high subglottal

pressures to speak louder will experience faster swelling

growth. Third, the model shows the importance of healing

in the swelling response. Individuals with strong healing

responses would experience less rapid edema growth.

Should an individual reduce the amount of time speaking,

such that K decreases further (e.g., to zero), then healing

would ultimately cause edema to reduce.

The non-homogeneous edema distribution (Figs. 3

and 9) has important impacts on the progression of edema.

Due to the concentration of damage measures at the medial

surface, swelling is also concentrated there, and results in

the formation of a localized bump (Fig. 6). For the degrees

of swelling seen in our study, this did not significantly

impact phonation characteristics after compensatory sub-

glottal pressure changes, for example, in terms of flow

FIG. 7. (a) Time-averaged glottal flow rate for the coronal midplane and for

the average over all coronal planes and (b) corresponding closed quotients

(for the midplane). Closed quotients are computed for the coronal-midplane

flow waveform.

FIG. 8. (a) Compensatory subglottal pressure and (b) change in volume due

to swelling as function of tissue time.
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waveforms and closed quotient (Fig. 7). With further edema

progression, these localized bumps could significantly dis-

turb glottal airflow and potentially develop into phonotrau-

matic lesions. The distribution of swelling also depends on

the measure of phonotrauma used; the two measures of pho-

notrauma developed qualitatively similar distributions albeit

with different localized swelling rates. As previously men-

tioned, we suspect that the swelling concentration in the

body is a product of the problem setup and not physiologi-

cally meaningful. That said, although its effect on edema

progression is less clear, it generally results in a slight out-

ward expansion of the VF surface. Future work will refine

the model geometry to better represent the connection of the

VFs to the basement membrane.

The PVH “vicious cycle” (Hillman et al., 2020;

Holmberg et al., 2003) is a hypothesis on the etiology of

phonotraumatic lesions, such as nodules. Our results support

this hypothesis by showing that, for some conditions, com-

pensatory subglottal pressure increases are self-reinforcing

and lead to edema growth. The fact this does not always

happen also agrees with clinical observations of phonotrau-

matic lesion development; while swelling happens for all

individuals, not everyone develops phonotraumatic lesions.

Individual biomechanical differences would affect how

individuals compensate for edema and how edema alters

their VF dynamics, ultimately presenting as differences in

the progression of edema. For example, the model demon-

strates the important balance between damage sensitivity, K,
and the healing rate, H. Individuals with comparatively

weak healing responses would be more prone to developing

PVH.

The results also agree with findings on VF nodule loca-

tions and their effects on voicing. A number of previous

studies focusing on mechanical measures (stress, pressure,

etc.) (Czerwonka et al., 2008; Gunter, 2004; Jiang and

Titze, 1994; Tao and Jiang, 2007) all found peaks midway

along the AP axis of the VFs, which is where lesions are

clinically observed. The two different mechanical measures

investigated in our study also agree with this and show that

swelling, which could develop into nodules, forms midway

along the AP axis. In terms of voicing effects, Jiang et al.
(2004) found subjects with VF nodules had reduced vocal

efficiency compared to subjects without when asked to per-

form phonation tasks at set target volumes (soft, medium,

and loud phonation). Our results agree with this, predicting

that compensatory increases in subglottal pressure are

required as an edema bump grows, which roughly resembles

a nodule shape, and that the edema also tends to increase the

FIG. 9. Progression of swelling states with time (rows from top to bottom) and moving away from the mid-coronal plane (columns from left to right).

Swelling progression is based on the positive strain energy rate damage measure. See Fig. 2 for the coronal plane locations.

J. Acoust. Soc. Am. 159 (1), January 2026 Deng et al. 619

https://doi.org/10.1121/10.0042272

https://doi.org/10.1121/10.0042272


average glottal flow rate, thus resulting in increased input

aeroacoustic power (effort) for the same loudness condition.

In a similar study, Zhuang et al. (2009) found that phonation

threshold flow was increased in individuals with nodules or

polyps compared to those without. This was corroborated by

silicone VF studies which found similarly increasing phona-

tion threshold pressure and flow with increasing nodule or

polyp diameter (Motie-Shirazi et al., 2023). Our results

agree with these findings since they suggest that achieving

the same loudness with a medial surface bump requires

larger subglottal pressures and glottal flow rates.

V. LIMITATIONS

There are several important limitations of our model

and its predictions, which we separate into subsections of

foundational biological data and computational modeling

below.

A. Limited biological data

The paucity of biological data upon which to ground

our model parameters is the most significant limitation of

this study. This results in two important sources of uncer-

tainty in our model: how to choose the best mechanical mea-

sure of damage that drives edema and how to model the

sensitivity of edema to that damage (captured in K). To
address the former, we elected to explore two candidate

measures: viscous dissipation, which has precedent as a

“dissipated-energy dose” metric for phonation (Hunter and

Titze, 2009), and positive strain-energy rate, a common

measure in continuum damage mechanics. While these pro-

vide plausible proxies, additional biological insights, such

as single-cell and gene-expression experiments, are needed

to identify and validate appropriate damage measures. To

address the latter, we chose K values to represent distinct

ends of the spectrum (Sec. II C), one showing very rapid

swelling (with the rate tripling over an hour), as would be

expected in response to acute trauma, and the other a much

slower seeping of fluid into the region, typically of inflam-

mation via repetitive use. This is not to imply that the partic-

ular values of K are derived from biological data, which is

scarce as best, or even necessarily represent any specific

case, but rather to exemplify qualitatively plausible behav-

iors. Furthermore, it is likely that damage sensitivity and

healing rates depend on the tissue and the type of mechani-

cal loading/damage experienced. That is, it is reasonable to

assume that values of K and H would differ between layers

of the folds, which we neglected in this initial model offer-

ing. Strengthening the connection between biological evi-

dence and biomechanical modeling remains an important

direction for future work.

The use of an exponential decay term for edema resolu-

tion and a simple load-dependent gain parameter in our

healing model are pragmatic simplifications. While these

choices are supported by vocal recovery trajectories and

in vitro fibroblast studies showing mechanosensitive inflam-

matory responses (Hortobagyi et al., 2020), direct

measurements of edema kinetics in vivo and the longer-term

ECM remodeling processes are not represented in this

model.

We further note that the data from which we compiled

our model parameters (see Table I) rely on a range of study

types, not all of which have consistent data collection proto-

cols and/or modeling assumptions. As such, there is a level

of uncertainty in these modeling parameters and selection of

alternate values may change the details of the present model

predictions. Significant alterations to model trends are not

anticipated, however.

At the present state, due to limited biological data avail-

able to ground model parameters, model outputs are more

phenomenological than predictive, illustrating possible tra-

jectories for swelling based upon the balance between dam-

age sensitivity and healing. However, the model does

demonstrate how healing, damage, and compensatory

responses can couple across disparate time scales to result in

different swelling growth trajectories. Moreover, the demon-

strated “fast” and “slow” progression trajectories align with

hypotheses of swelling pathways toward the vicious cycle in

hyperfunction and as a protective measure in vocal warm-up,

respectively. With improved biological data, our modeling

framework has the capacity to transition from phenomeno-

logical to predictive, and may be a valuable tool in the explo-

ration of the role of edema in voice disorders.

B. Modeling

This work employs a Bernoulli-based 1D flow model to

capture glottal loading. While computationally efficient and

adequate for bulk energy transfer (Decker and Thomson,

2007; Titze, 1988; Zhang, 2009), it cannot capture higher-

order phenomena, such as entrance effects (Li et al., 2021;
Zhang et al., 2020). Our acoustic treatment is likewise sim-

plified: subglottal and supraglottal tracts are omitted, reso-

nance is not modeled, and radiated pressure is estimated

with a piston-in-baffle analogy. These simplifications mean

that the acoustic results should be interpreted qualitatively.

The primary contribution of this study is to demonstrate

how long-time scale tissue processes (e.g., edema progres-

sion) can be coupled to voice production, and the modular

framework readily accommodates higher-fidelity flow and

acoustic models in future work.

Our model only captures compensatory adjustments

through subglottal pressure, which is the primary factor gov-

erning vocal loudness. In practice, other adjustments, such

as altering vocal tract resonance or laryngeal posturing, can

also increase loudness. These strategies may lessen the pre-

dicted edema growth rate, since resonance adjustments are

expected to contribute less to tissue trauma than pressure-

driven loading. Compensations in other dimensions (e.g.,

pitch) could also influence outcomes, and might be modeled

with VF posturing frameworks (Jiang et al., 2024;

Vahabzadeh-Hagh et al., 2017) or, in simplified form, by

varying tissue stiffness. However, the impact of such muscu-

lar adjustments on phonotrauma remains difficult to predict.
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Our multi-time scale analysis assumes distinct tissue

and voicing time scales, which is not always realistic. We

considered a single nominal set of VF properties held con-

stant during voicing, yet speakers adjust their habits, and

thus tissue properties, across diverse time scales influenced

by environment, personality, and activity. Likewise, we

modeled phonotrauma as a gradual process on long tissue

time scales, although acute trauma can also arise within

short voicing time scales. These complexities blur the sepa-

ration of time scales and may require more refined analyses.

Last, a full mesh convergence study for the long-time

swelling simulations was not performed due to prohibitive

computational cost. Pilot grid-independence checks indi-

cated stable modal frequencies and mode shapes, suggesting

the discretization is adequate; nevertheless, some residual

numerical error cannot be excluded.

VI. CONCLUSION

This work presents the first-ever model for exploring

the impact of VF swelling on phonation and, furthermore, to

observe how swelling may progress in continued voice use

as the vocal organ is modified by the influx of fluid. To the

best of our knowledge, this is also the first model in voiced

speech that incorporates both the short time scale tissue

vibration and the long time scale tissue modification. Using

this coupled model, we simulated edema progression over

time for varying levels of damage sensitivity (the propor-

tionality between edema and phonotrauma measure) and for

two different mechanical measures of phonotrauma (viscous

dissipation and positive strain energy rate). We also per-

formed a growth rate analysis of the edema progression to

gain insight into its governing factors.

Our model predicted that the progression of edema is

non-homogeneous and that the growth rate of edema

depends on the damage sensitivity (the sensitivity of edema

to phonotrauma) relative to the effects of healing. When the

inflammatory response is highly sensitive to phonotrauma

and overcomes the rate at which healing promotes homeo-

stasis, edema grows rapidly with time. We also found that

the distribution of edema is non-homogeneous due to the

non-uniformity of phonotrauma measures. Both viscous dis-

sipation and strain energy rate resulted in edema concen-

trated near the medial surface (around contact) and within

the VF body. These edema concentrations resulted in the

development of medial surface bumps that altered the glottal

airflow loading and necessitated compensatory subglottal

pressure increases.

Clinically, our model supports the idea of a PVH

“vicious cycle” that could result in self-reinforcing growth

of edema which could eventually develop into phonotrau-

matic lesions. The model is particularly useful because it

allows in silico exploration of the factors that control this

growth. Development of phonotraumatic lesions is a com-

plex process with numerous factors that affect whether or

not they develop, ranging from personality to biomechanical

differences (Hillman et al., 2020). The model developed

herein allows a systematic exploration of these factors

through the model parameters; for example, through differ-

ences in VF properties, or the healing rate. This could aid in

understanding the role of different factors in the etiology of

PVH. More generally, our model could also be extended to

explore remodeling of VF tissue and the development of

nodules, which plays an important role in voice health.

Nodule development involves fibrosis (Martins et al., 2010),
which would likely change tissue stiffness differently than

the edema model considered here.
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