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Abstract
Background. Computational fluid dynamics (CFD), a  rapidly developing instrument with a  number of 
practical applications, allows calculation and visualization of the changing parameters of airflow in the up-
per respiratory tract.

Objectives. The aim of this study was to demonstrate the advantages of CFD as an instrument for non-
invasive tests of the larynx in patients who had undergone surgical treatment due to bilateral vocal fold 
paralysis.

Material and methods. Surface measurements of the glottic space were made during maximum ad-
duction of the vocal folds. Additionally, the following spirometric parameters were determined: forced vital 
capacity (FVC), forced expiratory volume in the first second (FEV1), and peak expiratory flow (PEF) rate. 
Based on the measurements, commercial mesh generation software was used to develop a geometrical 
model of the glottic space. The computations were carried out using a general purpose CFD code. The analy-
sis included patients who were surgically treated for BVFP in the authors’ department between 1999 and 
2012. The study group consisted of 22 women (91.67%) and 2 men (8.33%).

Results. It  was observed that the pressure drop calculated for free breathing depends on the area of 
the glottis and is independent of its shape. Importantly, for areas below approx. 40 mm2, a sudden rise 
occurred in the resistance to flow; for the smallest glottic areas studied, the pressure drop was almost  
6 times higher than for an area of 40 mm2. Consequently, in cases of areas below 40 mm2 even minor 
enlargement of the glottic opening can lead to a marked improvement in breathing comfort.

Conclusions. Computational fluid dynamics is a useful method for calculating and visualizing the chang-
ing parameters of airflow in the upper respiratory tract.
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The larynx is an organ that fulfills vital functions. It is 
part of the upper respiratory tract, a  speech organ and 
a protective barrier for the lower respiratory tract against 
aspiration and choking on food.1 Impaired morphology 
of the larynx or the mobility of the structures result in 
the impairment of at least one of the functions of the or-
gan. Bilateral vocal fold paralysis (BVFP) is an example 
of a condition in which both airway hydrodynamics and 
phonation are affected. It is a symptom of bilateral dam-
age to the recurrent laryngeal nerve (RLN), which is re-
sponsible for the mobility of the abductor and adductor 
muscles of the glottic space.2,3 The most common cause 
of RLN damage is surgical intervention in either the neck 
or the chest (thyroid gland, cardiac and thoracic surgi-
cal procedures).2,4 Shortness of breath, especially during 
the inspiratory phase, is a symptom accompanying BVFP, 
which can be concurrent with stridor and hoarseness.5 
Some patients adapt quickly to diminished glottic space, 
while others require immediate tracheotomies followed 
by glottis-widening surgery.6 In BFVP, 2 categories of re-
constructive surgical procedures are performed, i.e. sur-
gery which models the glottic space and procedures that 
change the glottic space permanently by removing some 
laryngeal structures.7 Improvement of ventilation is al-
most always associated with deterioration of the quality 
of the patient’s voice.8

Currently, 2 main types of surgical procedures widen-
ing the glottic space are performed at the Department 
of Otorhinolaryngology and Laryngological Oncology, 
Medical University of Silesia in Zabrze (Poland): aryte-
noidectomy with posterior cordectomy using a CO2 laser, 
and laterofixation with the Lichtenberger needle carrier. 
The aim of an arytenoidectomy with posterior cordecto-
my is to widen the glottis by removing the posterior part 
of the vocal fold and the arytenoid on the same side. 

In everyday practice, there is no test that could de-
termine the morphology of the larynx and the dy-
namic properties of the airflow, such as air velocity, 
pressure and resistance in the upper respiratory tract. 
Moreover, some tests are invasive, causing the patient's 
discomfort. Computer simulation with computation-
al f luid dynamics (CFD) is an alternative to invasive 
tests. This method allows non-invasive calculation and  
visualization of the dynamically changing parameters 
of the laryngeal airflow.

Computational fluid dynamics is a rapidly developing 
instrument with a number of practical applications. CFD 
simulations have been used for years in aerodynamics, 
engineering, hydraulics, meteorology, construction and 
a number of other fields.9 In medicine it has been used 
primarily in pulmonology and cardiology – areas in 
which the dynamic properties of gas and liquid play an 
important role in the proper functioning of the body. 

The aim of the present study was to demonstrate the ad-
vantages of CFD as an instrument for non-invasive tests 
of the larynx in patients treated surgically due to BVFP. 

Because of the complexity of the method, its implementa-
tion requires cooperation between medical doctors and 
engineers, and this was the case in this study as well.

Material and methods

The  study included patients who were surgically 
treated for BVFP in the authors’ department between 
1999 and 2012. The study group consisted of 22 women 
(91.67%) and 2 men (8.33%). The average age of the pa-
tients was 66.13 years (range: 49–82). In 20 cases, BVFP 
occurred as a  complication following a  thyroidectomy 
(83.33%). In 3 cases, the reason for BVFP was prolonged 
intubation (12.5%), and in 1 case the cause remained un-
known (4.16%). These patients underwent arytenoidec-
tomy with posterior cordectomy. The control group was 
comprised of 3 women and 2 men (mean age 33.2 years).

The study protocol was approved by the local Bioethics 
Committee (decision no. KB/157/12, October 2nd, 2012).

Laryngeal examinations were performed during routine 
visits to the laryngological outpatient clinic. Video im-
ages of the glottis during phonation were recorded using 
indirect laryngoscopy – a Karl Storz Telecam 20212030 
video laryngoscope (Karl Storz GmbH & Co., Tuttlin-
gen, Germany) and a  monitor. The  data was analyzed 
using IRIS 2.2.0 software (MediCom, Wrocław, Polska) 
While recording the video of the glottis during phona-
tion, a freeze-frame of the maximum vocal fold adduction 
was captured. Surface measurements of the glottic space 
were made during the maximum adduction of the vocal 
folds. In order to calibrate the measurements, the “length 
of the glottis” was taken as a constant parameter, as pro-
posed by Eckel and Sittel, who reported measurements 
of 20 larynges obtained from fresh corpses.10 Among the 
parameters measured, the length of the glottis, defined as 
the distance from the base of the vocal folds to the mu-
cosa of the posterior commissure, is regarded as particu-
larly reproducible. This distance was 17.55 ± 0.92 mm and 
20.09 ± 3.07 mm in women and men, respectively.

Subsequently, the contours of the glottic space were 
outlined using the IRIS program and the following geo-
metric parameters were calculated: O  – the circumfer-
ence of the outlined figure (mm); S – the surface area 
of the outlined figure (mm2); and D – the length of the 
segment connecting 2 most distant points on the perim-
eter (mm). The width of the glottic space was measured at 
the largest point of the lumen.

Additionally, the following spirometric parameters 
were determined: forced vital capacity (FVC), forced expi-
ratory volume in the first second (FEV1) and peak expira-
tory flow (PEF) rate. Since it was not possible to compare 
the airflow before and after surgery, appropriate imaging 
studies and spirometry were performed for 5 healthy con-
trols to compare with the results from the patients.

Based on the measurements, Gambit 2.4.6 (Ansys Inc., 
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Canonsburg, USA) commercial mesh generation software 
was used to develop a  geometrical model of the glottic 
space. Since the larynx has an irregular structure, some 
simplifications had to be made in formulating the model 
(Fig. 1). The  shape of the glottic opening was analyzed 
in both postoperative patients and the controls during 
the largest abduction of the vocal folds. The  glottis was 
represented by means of straight lines and curves in the 
Cartesian coordinate system. The  shapes were approxi-
mated with isosceles and right triangles, and with semi-
ellipses. The surface areas obtained were 18–64 mm2 for 
the postoperative patients and 48–143 mm2 for the con-
trols. The  regions above and below the glottic opening 
were modeled as a cylinder with a diameter of 25 mm and 
a length of 50 mm. It was assumed that these regions were 
the same for all patients. The  length of the section ana-
lyzed was 102 mm. Based on this geometrical model, a nu-
merical grid comprising about 54,000 cells was generated. 
The actual number of grid elements depended on the glot-
tic area. Although the assumed 3-dimensional geometry is 
simplified compared with images yielded by computed to-
mography, it is quite sufficient for the purpose of analyzing 
the effect of the glottic shape on airflow hydrodynamics.11 
The boundary conditions associated with the grid were as 
follows: no slip of the fluid at the wall, flat velocity profile at 
the inlet, and no velocity gradient across the outlet. All the 
results were obtained during the expiratory phase, so the 
inlet quantities are those on the tracheal side of the glottis.

The computations were carried out using the general 
purpose CFD code Fluent (Ansys Inc., Canonsburg,  
USA). A steady flow of air was assumed with the atmo-
spheric pressure prevailing in the larynx (101.325 Pa). 
The initial conditions were defined by the airflow rate, 
and the minimum value was set at 5L/min (tidal vol-
ume, TV). The  maximum value of this flow was cal-
culated separately for each patient, based on the PEF 
rate obtained using spirometry. These velocities cor-
respond to turbulent flow. Laminar flow occurs at 
relatively low flow rates, and the velocity profiles be-
come parabolic. For turbulent flow, the fluid elements 
rotate in various directions rather than moving par-
allel to one another, which leads to flattening of the 
velocity profiles. The  mode of the flow (turbulent or 
laminar) is determined by the Reynolds number (Re): 
below Re = 2.400, the flow is laminar, while above this 
value the flow becomes turbulent. In the present study, 
the transition occurred at an inlet velocity of about 
1.5 m/s. Therefore, for w < 1.5 m/s, the laminar model 
was used in the calculations, whereas for the velocities 
exceeding 1.5 m/s, the computations were done by em-
ploying the turbulence model k-ε standard, available 
in the Fluent software package. The  convergence cri-
terion was based on the normalized sum of numerical 
residues and was set at 10–3.

Fig. 1. Geometrical model: a) measurement of the area of the glottic 
opening; b) numerical grid; c) simplified geometrical representation  
of the larynx and the glottic opening

a)

b)

c)

Results

For velocities associated with normal, unobstructed 
breathing (w = 0.169 m/s), the lowest pressure drops were 
obtained for the controls (0.5–4.1 Pa). The values docu-
mented postoperatively were higher, ranging from 2.4 Pa 
to 29.7 Pa. Figure 2 illustrates the results. It can be ob-
served that the pressure drop calculated for free breath-
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Fig. 2. Pressure drop (ΔP) vs the area of the glottic opening (S) at an inlet 
velocity of w = 0.169 m/s. Solid symbols – postoperative patients; outline 
symbols – controls

Fig. 3. Pressure drop vs the area of the glottic opening for the various inlet 
velocities

ing depends on the area of the glottis and is independent 
of its shape. Importantly, for areas below approx. 40 mm2, 
a sudden rise occurred in the resistance to flow – for the 
smallest glottic areas studied, the pressure drop was al-
most 6 times higher than for an area of 40  mm2. Con-
sequently, in cases of areas lower than 40 mm2 even mi-
nor enlargements of the glottic opening over this range 
may lead to a marked improvement in breathing comfort. 
Conversely, above 40 mm2 the pressure drops are lower 
than 7 Pa, and increases in the glottic area have a rela-
tively small effect on breathing. Furthermore, as shown 
in Fig. 3, the limiting area of the glottis grows as the inlet 
velocity increases, finally reaching values matching those 
of the controls.

The pressure drop over the glottis was correlated with 
the area of the opening, and the following relationship 
was calculated: ΔP = 1.4315 (Q2/S2), with R2 = 0.99, where 
ΔP represents the pressure drop across the glottis (Pa),  
Q is the airflow rate (m3/s), and S is the area of the open-
ing (m2). This correlation is quite general in the sense that 
it is possible to quantify a decrease in the pressure drop 

following an enlargement of the glottic area without the 
necessity of using CFD simulations. Noticeably, the pres-
ent results are consistent with both experimental and 
CFD data published previously.12,13

The effect of the glottic area on the maximum air ve-
locity in the larynx with inlet velocity w  =  0.169 m/s was 
also analyzed. For a given flow, mass flow rates through 
the various openings are identical. Therefore, if the 
opening area is smaller, the linear velocity of the flow in-
creases so that the mass of air passing through the larynx 
in a unit of time remains constant. This velocity is the 
highest at the smallest cross-sectional area of the larynx. 
Maximum velocities (wmax) are shown in Fig. 4 as a func-
tion of the area (S). The maximum velocity depends not 
only on the area of the glottic opening but also, to a cer-
tain extent, on its location within the larynx. Following 
partial arytenoidectomy with posterior cordectomy, the 
glottic area was unilaterally enlarged. Consequently, the 
opening became asymmetrical, which led to some minor 
differences in velocities for the same areas of the opening. 
Again, for areas below about 40 mm2, there is a  visible 
increase in the maximum velocity, albeit less pronounced 
than in the case of ΔP. For areas between 20 and 40 mm2, 
wmax increased from 2.5 to 5 m/s.

The measured PEF rates were 1.22–6.59 L/s for postop-
erative patients and 4.1–12.7 L/s for the controls. The cal-
culated pressure drops across the glottis for 3 different 
ranges of PEF (expressed as corresponding inlet veloci-
ties) are shown in Fig. 5 as a function of the glottic area. 
The  function illustrates that ΔP depends on both PEF      
and S. It should be noted that patients with the same open-
ing area usually had different PEF values during spirom-
etry.

Figure 6 shows a comparison between the local pres-
sure and velocity fields in the larynx for a selected post-
operative patient (S  =  31.6 mm2) and a  control subject 
(S = 48.3 mm2) for the same value of PEF (4.1 L/s). Due 
to the reduction in the area available for the flow, the 
pressure in the larynx increases before the glottis and 
decreases on the other side of the opening. The pressure 
drops are 24 kPa and 10.3 kPa, respectively. The  high-
est pressure drops across the glottis occur in the corners 
of the glottic opening. As for the velocity field, it can be 
noted that narrowing generates a considerable temporary 
increase in the air velocity. For a  postoperative patient, 
this momentary velocity was as high as 163 m/s, whereas 
for a healthy subject it was 112 m/s.

Discussion

Damage to the RLN during surgical intervention in the 
thyroid gland was the most common reason for BVFP in 
the patients in the present study (20 out of 24 cases). Three 
cases of BVFP due to prolonged intubation were noted; 
the cause of 1 case remains unknown. The  majority of 
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of the pressure drop over the glottic opening, as well as 
the local pressure and velocity fields in the larynx.

Conclusions

Computational fluid dynamics is a useful method that 
allows the changing parameters of the airflow in the 
upper respiratory tract to be calculated and visualized. 
This method comprises the core of the Fluent software 
package, which can be efficiently used to analyze various 
problems associated with normal or impaired breathing. 
This study presented simulations of airflow through the 
larynx in patients who had undergone laser arytenoidec-
tomy with posterior cordectomy and in control subjects. 
The  calculations were done for velocities ranging from 
those corresponding to tidal volume (TV) up to val-
ues coinciding with the PEF obtained from spirometry. 
It was determined that resistance to airflow, expressed as 
the pressure drop ΔP, depends on the area of the glottic 
opening and is virtually independent of its shape. During 
free breathing, a steep rise in ΔP occurs for areas below 
about 40 mm2. It can be concluded that below this area 
even a minor enlargement of the glottis may significantly 
improve quality of breathing. Above 40 mm2 widening 
the glottic space begins to lose its therapeutic value. With 
increases in inlet velocities to the glottis, this boundary 

Fig. 4. Maximum air velocity in the larynx vs the area of the glottic 
opening for an inlet velocity of w = 0.169 m/s. Solid symbols – 
postoperative patients; outline symbols – controls

Fig. 6. Local pressure (a, b) and velocity (c, d) fields in the larynx for the 
same PEF value in a selected postoperative patient (a, c) and a healthy 
subject (b, d) 

Fig. 5. ΔP vs S for the various PEF values (expressed as inlet velocities)

patients were women (22 out of 24 cases), which is consis-
tent with other authors.14–18 Feehery et al. and Rosenthal 
et al. showed the highest percentage of paralysis due to 
the neoplastic process in the neck or the mediastinum.4,19 
In  contrast, Sharan et al. reported a  predominance of 
men in their study, and Plouin-Gaudon et  al. reported 
the same proportion of men and women. In both of those 
studies, damage to the RLN during thyroidectomy was 
the most frequent etiology.20,21 Dursun et al. reported an 
overwhelming inflammatory etiology of the paralysis, and 
a preponderance of women.22 The frequency of reported 
significant majorities of women is associated with the 
more frequent incidence of thyroid disease among wom-
en, and hence the necessity to perform thyroid surgery.23 

During the flow of air across the glottis a  pressure 
drop (ΔP) occurs, which is caused by perturbations of the 
flow. The pressure losses are caused by the resistance to 
the flow produced by the changing cross-section of the 
larynx. The  pressure drop is an important parameter, 
covered extensively in a  number of papers that discuss 
airflow in the upper respiratory tract.11–13,24–26 The calcu-
lations by means of the Fluid software yielded the values 
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shifts toward larger values. Based on CFD analyses, it 
was possible to correlate ΔP with the area of the glottic 
opening. This correlation is a useful instrument in evalu-
ating the change in airway sufficiency resulting from the 
altered geometry of the glottis.
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