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Phonotrauma, a common vocal fold injury caused by phonation, is a complex process that 
involves both inflammation and healing. Phonotrauma results in substantial negative effects on 
quality of life in affected individuals. Statistics indicate that in teachers alone phonotrauma costs 
approximately $2.5 billion annually to the U.S. economy [1]. Although phonotrauma is traditionally 
treated with voice rest, we have hypothesized that certain vocal fold mobilization approaches 
(“resonant voice”) exercises may result in better healing. Our recent studies suggest that the benefits 
of resonant voice exercise are both dose- and subject-specific.  

 
Personalized, subject-specific medicine is a central goal of modern medicine. To approach 

this goal, the complexity of biological processes must be tamed. Agent-based computer models 
(ABMs) have been used to model the complex process of acute inflammation and wound healing in 
diverse settings [2]. We created an ABM that reproduced diverse trajectories of inflammatory 
mediators in human subjects’ vocal folds at early time points post-phonotrauma, and that was also 
capable of predicting the levels of these mediators at 24 h.  

 
This ABM was developed using relevant literature on vocal fold injury as well as data from 

experimental measures of inflammatory cytokines in human laryngeal secretions [3,4,5]. The ABM 
includes cells (neutrophils, macrophages, fibroblasts), inflammatory cytokines (IL-1β, TNF-α, 
TGF-β1, IL-10), an extracellular matrix component (collagen), and a tissue damage function 
functionally analogous to alarm/ danger signals [6] that produces positive feedback to induce further 
inflammation [2]. We input the initial levels of IL-1β, TNF-α, and IL-10 for three human subjects, 
added a phonotrauma event and then a 4-hr treatment event (voice rest, “resonant voice” exercise or 
spontaneous speech). We next calibrated the model using data from initial human cytokine levels in 
laryngeal fluid [4], both immediately after phonotrauma and following a 4-hr treatment. Due to the 
stochasticity of ABM, we performed ten runs of the ABM over five simulated days. The means and 
standard deviations of model variables were computed for subsequent analysis.  

 
Figures 1-2 display both predicted and empirical mediator trajectories for each subject’s 

original treatment group. Figure 1 represents a single subject (Subject 3) who was experimentally 
involved in all three treatment modalities. Figure 2 represents data from three subjects who received 
spontaneous speech, voice rest and “resonant voice” treatments after vocal loading, respectively. In 
general, the ABM reproduced and predicted subject-specific cytokine trajectories as seen in our 
human data. A binomial test indicated that in 80% (12/15) of markers across subjects, the ABM 
predicted empirically obtained cytokine values—not used for model calibration—at 24 hr (p < 0.05). 
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Predicted levels of pro-inflammatory marker IL-1β for spontaneous speech were significantly 
higher than for either voice rest or resonant voice conditions (p < 0.05, both comparisons). In 
contrast, levels of anti-inflammatory marker IL-10 for voice rest were significantly lower than for 
either resonant voice or spontaneous speech (p < 0.05, both comparisons). These results represent an 
early stage of translational application of ABM, which may have application to inflammation in 
other tissues.    

 
 
 

Figure 1: Predictions of inflammatory and wound healing responses to acute phonotrauma in a 
single human subject (Subject 3) following spontaneous speech (Panels A-C), voice rest (Panels 
D-F) and resonant voice treatments (Panels G-I). Panels A, D and G are the predicted cytokine 
trajectories of IL-1β. Panels B, E and H are the predicted cytokine trajectories of TNF-α. Panels C, F 
and I are the predicted cytokine trajectories of IL-10.  Inflammatory marker concentrations are in 
pg/ml. The grey bars represent the mean of the simulated data, and the error bars represent standard 
deviations in the simulated data. The dark circles represent the input data of the first three 
time-points (baseline, post-loading, 4-hr post treatment), obtained from human laryngeal secretion 
data. The empty circles represent the validation data at the 24-hr time point from the human 
laryngeal secretion data. B: baseline; PL: post vocal loading; 4hrPRx: following a 4-hr treatment. 
Note that human validation data for Days 2-5 have not yet been generated. 
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Figure 2: Predictions of inflammatory and wound healing responses to acute phonotrauma in three 
human subjects following spontaneous speech (Subject 3; Panels A-C), voice rest (Subject 1; Panels 
D-F) and resonant voice (Subject 2; Panels G-I). Panels A, D and G are the predicted cytokine 
trajectories of IL-1β. Panels B, E and H are the predicted cytokine trajectories of TNF-α. Panels C, F 
and I are the predicted cytokine trajectories of IL-10. Inflammatory marker concentrations are in 
pg/ml. The grey bars represent the means from the simulated data, and the error bars represent the 
standard deviation from the simulated data. The dark circles represent the input data of the first three 
time-points (baseline, post-loading, 4-hr post treatment) from the human laryngeal secretion data. 
The empty circles represent the validation data at the 24-hr time point from the human laryngeal 
secretion data. B: baseline; PL: post vocal loading; 4hrPRx: following a 4-hr treatment.  Note that 
validation data for Days 2-5 have not yet been generated. 
 

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

200

400

600

800
Subject 3: Spontaneous Speech Subject 1: Voice Rest Subject 2: Resonant Voice

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

5

10

15

20

25

B

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

5

10

15

20

25

B

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

100

200

300

400

C

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

100

200

300

400

C

D

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

50

100

150

200

250

300

E

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

50

100

150

200

250

300

E

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

100

200

300

400

500

F

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

100

200

300

400

500

F

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

100

200

300

400

500

G

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

100

200

300

400

500

G

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

5

10

15

20

25

H

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

5

10

15

20

25

H

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

50

100

150

200

250
I

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

50

100

150

200

250
I

IL
-1
β

(p
g/

m
l)

TN
F-
α

(p
g/

m
l)

IL
-1

0 
(p

g/
m

l)

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

200

400

600

800

1000

1200

1400

1600

A

ABM SIMULATION 
INPUT DATA
VALIDATION DATA

B PL 4hr PRxDay 1 Day 2 Day 3 Day 4 Day 5
0

200

400

600

800

1000

1200

1400

1600

A

ABM SIMULATION 
INPUT DATA
VALIDATION DATA

 
REFERENCES: 
1. Verdolini K, Ramig LO (2001) Review: occupational risks for voice problems. Logoped Phoniatr 

Vocol 26: 37-46. 
2. Vodovotz Y (2006) Deciphering the complexity of acute inflammation using mathematical 

models. Immunol Res 36: 237-245. 
3. Clark RAF, editor (1998) The Molecular and Cellular Biology of Wound Repair. New York: 

Plenum Press. 
4. Verdolini K, Li NYK, Branski RC, Rosen CA, Urban EG, et al. (in preparation) The effect of 

targeted vocal exercise on recovery from acute inflammation. 
5. Verdolini K, Rosen CA, Branski RC, Hebda PA (2003) Shifts in biochemical markers associated 

with wound healing in laryngeal secretions following phonotrauma: A preliminary study. 
Annals of Otology, Rhinology, & Laryngology 112: 1021-1025. 

6. Matzinger P (2002) The danger model: a renewed sense of self. Science 296: 301-305. 

 3




