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Establishment of upper respiratory tract model of patients with obstructive
sleep apnoea hypopnoea syndrome before and after surgical treatment and its

hydrodynamics analysis
Junjie Jin,' Zhonghua Tang,2 Fan Zhao,3 Ying Li4

Abstract

Objective: The study aimed to explore the method of constructing the upper respiratory tract model of patients
with obstructive sleep apnoea hypopnoea syndrome (OSAHS) and its application in the detection of the changes of
flow field characteristics of the upper respiratory tract before and after surgical treatment.

Methods: A 34-year-old male OSAHS patient was taken as the study subject. The improved Han-uvulopalato
pharyngoplasty was adopted for treatment. A 3D model of the patient's upper respiratory tract was constructed
based on CT scan results before and after surgery. The characteristics of upper respiratory tract flow field were
analyzed based on computational hydrodynamics under unsteady respiratory conditions.

Results: A 3D model of the patient's upper respiratory tract was successfully constructed. And after the comparison,
it was found that the patients' respiratory tract stenosis was significantly improved after surgical treatment. During
inhalation and exhalation, the high pressure areas of the patient were located in the nasal vestibule and oropharynx
respectively. Surgical treatment can significantly reduce maximum stress. The total pressure of the upper respiratory
tract decreased by 16.9%, and the pressure of the nasopharynx and oropharynx decreased by 70.1% and 38.4%,

respectively.

Conclusion: For the oropharyngeal area, the surgical treatment had obvious efficacy for inspiration, and during
expiration, it had no efficacy but with adverse symptoms being increased.

Keywords: Upper respiratory airway, Obstructive sleep apnea hypopnea syndrome (OSAHS), Unsteady respiration,
Flow field, Numerical simulation. JPMA 70: 64 [Special Issue]; 2020)

Introduction

Sleep apnoea is a frequently encountered disorder.
According to the epidemiological statistics, 60% of the
middle aged and elderly people, and 20% adults suffer
from sleep apnoea.! Obstructive sleep apnoea
hypopnoea syndrome (OSAHS) is most harmful for the
human body. It is characterized by repetitive narrowed
upper airway or upper airway obstruction occurring
during sleep, causing shallow or paused breathing. The
world statistics show that each day around 3, 000 deaths
are related to OSAHS.2 The prevalence in Punjab in 2008
was 3~7%.3 In terms of the middle-aged and the elderly
people, the incidence of male people reached 24%, and
the incidence of females was 9%.4 Besides, the prevalence
in children ranged from 1~10%. In China, the frequency of
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the middle-aged people is between 3.5~4.6%, of which
there are approximately 70~80% middle-aged patients
who are undiagnosed,> indicating that the confirmed
diagnosis rate of the disease is very low.

In terms of the research of upper human respiratory
system, the domestic and foreign scholars have done a lot
of research work, but most were studied on simplified
models such as tracheal-bronchial model, idealized oral-
pharyngeal model and oral-pharyngeal-tracheal model.6
There were also some research work” studied on the real
Human upper respiratory tract, but that's far from
enough, especially that there are few research on
preoperative and postoperative OSAHS patients,
therefore it's necessary to carry out an in-depth study on
this. Targeted on OSAHS patients, this paper has
proposed the real model of Upper respiratory tract,
carried out the comparative analysis of anterior and
posterior flow field and pressure, evaluated the surgical
treatment efficacy and draw the relevant conclusions,
which would be conducive to a deep understanding of
the pathogenesis of respiratory disease, the clinical
therapeutic effect and some factors that caused the
breathing disorder. This research set up a real upper
respiratory airway model, which adopted the unsteady
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breathing boundary conditions and the standard
turbulence model to conduct the simulated numerical
computation of OSAHS patients before and after surgery.

Methods

In this research, the upper airway model was based on the
upper airway of a 34-year-old male patient diagnosed
with OSAHS, with the treatment operation being
performed in modified Han-uvulopalato pharyngoplasty
(H-UPPP). The patient was scanned by GE Lightspeed 16
slice spiral CT before and after the surgery, which adopted
the spiral volume scanning. After the CT scanning, the 3-
D reconstruction was performed with the related
software, and the model was established as follows.

The expiratory volume or inspiratory volume chose the
number of 750ml per time, with the respiration rate per
minute of 20, and the respiratory cycle 3s, so the average
expiratory volume or inspiratory volume per second was
500mL, with the mean respiratory volume being 30L/min.
According to the air flow curve measured by Abbasi8 nasal
resistance meter, it was observed that the respiratory
wave was approximately sinusoidal and the respiratory
time ratio was approximately 1:1. Based on the unsteady
respiration condition adopted in this experiment, the
respiratory flow change could be processed according to
the sinusoidal variation, which caused to the formation of
the following formula:

(1) Q=Hsinwt
(2) Qdt =750
(3) =Q/A

Where V is the inlet speed, A is the cross-sectional area of
velocity inlet of underpart of glottis namely the laryngeal
end, Q s the inspiratory volume or expiratory volume, H is
a constant, o is the angular frequency, and t is the time. As
the respiratory cycle is 3s, thus ®=21/3, and according to
the inspiratory volume or the expiratory volume is
Q=750ml, so it can be obtained that H=250r mL/s, then
the laryngeal volume flow is Q=250nsin(27t/3) t mL/s.

Based on the computational fluid dynamics (CFD)
method, a standard turbulence model was used for
numerical simulation, and the boundary condition of the
inlet was set in the position below the glottis. In the
research, two extreme points of T1 and T2 namely the
peak expiratory value and the peak inspiratory value were
selected, and the corresponding gas flow of T1 and T2
moments was 785.4ml/s. This study adopted the
unstructured grid. The grid number of the OSAHS patient
before and after operation was 2,092,810 and 1,894,981
respectively, and the number of nodes was 400,354 and
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365,106 respectively. According to the Grid precision
analysis of Xiong,® the number of meshes reached
1,549,998, and the calculated results tended to be stable.
Therefore, the mesh accuracy of the human upper airway
model provided in this study was sufficient to meet the
requirement of mesh accuracy.

Results

Figure-1 shows the use of 3D models of respiratory tract
before and after surgery which were successfully
constructed. Comparing Figure-A with Figure-C and
Figure-B with Figure-C, it was seen that the stenosis of the
respiratory tract significantly improved before and after
surgery.

As shown in Figure-2A and Figure-2B, in the inspiratory
state, the high pressure area was located in the nasal
vestibule position both before or after surgery, and the

Note: figure A and figure B show the lateral view and elevation of the 3D model of
respiratory tract before surgery. Figure C and figure D show the lateral view and
elevation of the 3D model of respiratory tract after surgery

Figure-1: Lateral view and elevation view of 3D respiratory tract models before and
after surgery.
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Table-1: Before and after surgery of the various parts of the respiratory tract pressure drop and percentage.
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Case Ap(Pa) /\ pm(Pa) /A pn(Pa) A\ pn(Pa) A pw(Pa)
Before surgery 62.56 5.67 2543 25.72 5.74
Percentage of total pressure drop \ 9.17 40.67 41.17 9.2
After surgery 51.98 15.49 7.61 15.85 13.03
Percentage of total pressure drop \ 29.87 14.67 30.5? 251
Table-2: Before and after surgery of the various parts of the respiratory tract pressure drop and percentage.

Case Ap(Pa) /\ pm(Pa) /\pn(Pa) A pn(Pa) A pw(Pa)
Before surgery 62.47 5.69 17.18 25.03 14.57
Percentage of total pressure drop \ 9.17 27.57 40.17 2337
After surgery 59.68 6.23 23.97 5.28 24.20
Percentage of total pressure drop \ 10.47 40.27 8.97 40.57

A

-

{
|

iGasassasshEsac
[ ___mWe o .|
PP LI ITE

d

!

rorrrery Y

BABBAENSE"sNNABBIBEEZE

Note: figure A and figure B show the distribution of respiratory pressure bhefore and after inhalation.
Figure Cand figure D show the distribution of respiratory tract pressure before and after exhalation

Babbhata=

Figure-2: Distribution of respiratory tract pressure during inhalation and exhalation before and after
surgery.
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maximum value of both pre-operative and
post-operative was close to 0, with little
difference, but the minimum pressure of the
patient had a clear difference with a
preoperative value of -139.13Pa which was
located in the narrow airway site namely the
end of velopharyngeal area and the
postoperative value was -113.42Pa at the end
of nasopharynx. Before and after surgery, near
the glottis and close to the posterior wall, there
was a low pressure area, which was slightly
lower than the minimum pressure area. It could
be seen from the figure that there was a
dividing line at the end of nasopharynx before
and after surgery. The down part was located in
a low pressure area while the upper part was
located in a high pressure area. According to
Figure-2C and Figure-2D, in the expiratory
state, the maximum pressure before surgery
was 138.98Pa, which appeared at the inlet of
the respiratory airway namely the lower part of
the glottis; the maximum pressure after surgery
was only 100.49Pa-nearly 40Pa less than the
original value, and it also appeared in the
vicinity of the respiratory airway inlet. The
vicinity of the whole respiratory airway inlet
was in a high-pressure area similar to the pre-
operative status. The maximum negative
pressure zone before surgery was located at the
end of the velopharyngeal area, with the
maximal negative pressure being -88.53Pa. This
was a narrow area of oropharynx, with the
minimum pressure decreased to -44.45pa after
surgery with half reduction to the original value
of negative pressure. The postoperative low
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a negative effect and an important cause of the
disease in OSAHS patients. After surgery, the high
velocity flow was concentrated at the site close to
the junction of nasopharynx and pharynx, with the
maximum speed of 10.48m/s, which was 0.50m/s
lower than the pre-operative state. As seen in
Figure-3C and Figure-3D, when exhaling, the high
velocity flow area of the whole upper respiratory
airway was concentrated in the oropharynx
region, and the maximum velocity of the upper
respiratory airway was 11.55 m/s which was at the
end of velopharyngeal region which was close to
the front wall of the narrow site. The high velocity
flow could result in a relatively large impact force
causing damage to the tissue at the site. This
along with the site being a negative pressure zone
with a relatively high negative value, could
aggravate the collapse of the airway. This was
similar to the inspiratory state, which is an
important cause of the disease in OSAHS patients.
After surgery, the high velocity flow was
concentrated in the lower middle part of the
nasopharynx and the upper end of the
velopharynx, with the maximum speed of
9.85m/s-which was 1.70m/s lower than that
before surgery.

As seen in Figure-4A and Figure-4B, when
inhaling, there were three different sizes of
vortices that were formed at the upper end of the

Note: figure A and figure B show the distribution of respiratory tract velocity before and after
inhalation. Figure Cand figure D show the distribution of respiratory tract velocity before and after

exhalation

Figure-3: Respiratory tract velocity distribution during inhalation and exhalation before and after

surgery.

pressure zone was transferred to the lower end of the
nasopharynx and the airway at the end of velopharyngeal
was no longer as narrow as it used to be.

As shown in Figure-3A and Figure-3B, when inhaling, it
was observed that before surgery the high velocity area of
the upper respiratory airway was concentrated in the
oropharynx and the maximal rate of the upper respiratory
airway was 10.98 m/s which was in the end of the
velopharyngeal region. The high velocity flow at the site
adjacent to the posterior wall of oropharynx had a
negative effect on the wall, resulting in a relatively large
impact force which could easily damage the tissue of the
site. It was also to be noted that this site was also a
negative pressure zone with a low negative value that
would aggravate the collapse of the airway. This could be

anterior nostril and at the posterior end of the
olfactory cleft, especially the turbulence extent at
the olfactory cleft was higher than that before the
surgery. At the inferior turbinate anterior border, a
back-flow phenomenon existed before surgery,
but it developed into the vortex after surgery.
Besides, the presence of back-flow occurred at the
tip of the oropharynx after surgery was not shown
before surgery. These phenomena were shown to be
adverse effects to the fluid flow after surgery, aggravating
the energy loss at the site Figures-4C and 4D show the
exhaling pattern from the streamline before and after
surgery. The vortex was seen in several positions before
surgery, but they decreased in number after surgery and
the streamlines appeared to be more evenly distributed.
Before surgery, there were variant extent vortices in the
glottis front, the back end of larynx and near the back
wall, the airway of nasal septum end and the region near
the end of the front wall of nasopharynx. But after
surgery, these vortices were all gone and only the region
near the posterior wall of the back end of larynx had a
back-flow phenomenon, fully indicating the surgery had
brought an obvious good effect.

Vol. 70, No. 10 (Special Issue), October 2020
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Note: figure A and figure B show the distribution of respiratory tract streamline before and
after inhalation. Figure C and figure D show the distribution of respiratory tract streamline

before and after exhalation

Figure-4: Respiratory tract streamline during inhalation and exhalation before and after surgery.

Table-1 shows that the total pressure drop (AP) in the
upper respiratory airway was reduced by 16.9% after
surgery, whereas the pressure drop of the nasal cavity
(APm) and the hypopharynx and the larynx (APw)
slightly increased, while the pressure drops of the
nasopharynx (APn) and the oropharynx (APh) were
significantly decreased by 70.1% and 38.4% respectively
compared to the preoperative values. The preoperative
pressure drop was mainly concentrated in the
nasopharynx and the oropharynx area, and the sum of the
two accounted more than 80% of the total pressure drop.
It can also be seen from the respiratory airway model that
the respiratory airway at the lower end of the
nasopharynx and the velopharyngeal area was relatively
narrow, while after surgery the sum of pressure of the two
parts dropped to 45.1%. As shown in Table-2, the total
pressure drop (AP) in the upper respiratory airway was
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slightly reduced after surgery, and the state before
surgery was the same as in the inspiratory state-the
percentage of pressure drop in nasopharynx (APn)
and oropharynx (APh) were still relatively large and
the sum of the two was over 67%;after surgery. The
nasal cavity pressure (APm) was slightly increased,
and the pressure drop in hypopharynx and larynx
(APw) were increased. As the pressure drop of the
nasopharynxincreased in the inspiratory state only, it
indicated that the surgery had a beneficial effect. The
expiratory state showed no improvement. However,
it was seen that the oropharynx region largely
improved due to the pressure drop, with a decrease
of 78.9% from the original state.

Discussion

The most common cause of obstructive sleep
apnoea hypopnoea syndrome is tonsil hypertrophy.
The ethology is usually multifactorial, including
hypotonia, tooth deformity, airway soft tissue
hypertrophy and diseases of the nervous system. The
treatment depends on the causative factors.
Obstructive sleep apnoea hypopnoea syndrome is a
common disorder. Research showed that the
prevalence of OSAHS increases with age. Although
the prevalence of OSAHS is very high, the diagnosis
of OSAHS is still inadequate. A correct diagnosis
requires the recognition of the symptoms. Functional
symptoms, such as daytime sleepiness and cognitive
impairment, are usually reported by people around
the patient. The main treatment was continuous
positive airway pressure. Because of the increased
incidence of complications, the operation was not
suitable.

This study reports the use of the unsteady breathing
mode, which can more truly reflect the body's fluid flow in
the upper respiratory airway. According to the research,
the airflow in the upper respiratory tract of OSAHS
patients was more stable after surgery, and the maximum
breathing speed and minimum negative pressure were
both lower than before the surgery. In addition, the total
pressure of the upper respiratory tract was decreased,
which was consistent with the results of Mylavarapu et al.,
Nowak et al., and Punjabi.’0-12 The titre in the
oropharyngeal region of the patient decreased
significantly after the operation, and the titre in the
inhalation and exhalation decreased by 38.4% and 78.9%,
respectively, indicating that the disease had been greatly
relieved. In addition, the nasopharyngeal pressure
decreased significantly during inspiration, but increased
during exhalation, suggesting that the effect of this part
of the operation improved during inspiration, but led to
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adverse effects during exhalation. Although the degree of
decrease in respiratory pressure is not obvious, the
comparison of the pressure profile in Figure-2 showed
that the whole oropharyngeal high-speed flow area
disappeared after surgery, and only a small area of high-
speed flow3.14 still existed. After surgery, the high-speed
flow area below the upper pharynx disappeared, and
there was obvious reflux phenomenon in the front of
oropharynx, which indicated that the large area of high-
speed flow area was greatly reduced through surgery,
thus greatly reducing the disease of OSAHS patients.!> By
overall comparison, the upper part of the larynx and
pharynx was in a relatively low-pressure area before and
after the operation, while the lower part of the pharynx
and the lower part of the pharynx were in a relatively
high-pressure area.

However, comparing the speed of the pressure drop in
the respiratory tract before and after the operation as
shown in Figure-3, it was observed that the eddy current
disappeared at the back of the larynx after the operation,
which was necessary to alleviate the disease. The single
vortex at the end of the olfactory fissure before surgery
was replaced by two vortices after the operation. The
vortices in the upper part of the anterior nostril prior to
surgery were enlarged after surgery, indicating increased
turbulence in both parts. In the exhalation state, the
vortex was reduced and the streamline evenly
distributed, which was favourable for the flow of the fluid.
However, there are also studies that suggest that
attention should be paid to the observation of the upper
respiratory tract in OSAS patients. The purpose of this
study was to investigate the relationship between the
shape of upper airway and the severity of obstructive
sleep apnoea syndrome (OSAS) during Miiller's action.
The study found that severe OSAS patients with upper
airway lesions are more prominent. Obesity, NPC MCA,
length of upper airway and mph may be related to the
severity of OSAS. Obesity and gender should be
considered when assessing upper respiratory anatomic
abnormalities in snorers and OSAS patients.6 In addition,
some studies have found that the decrease of airway
volume does not depict the type of respiratory events, but
there is a significant narrowing of velopharyngeal closure
in both dimensions, so the occurrence of the narrowest
value below a certain level will lead to more apnoea.'”

Obstructive sleep apnoea hypopnoea syndrome is
characterized by repeated reduction of airflow due to
collapse of the upper respiratory tract during sleep.
OSAHS involves repeated collapse of the sleep related
upper respiratory tract (UA). The mechanical properties
and neural control of UA were changed to apply

Technology & Innovation in Healthcare System

mechanical load to the inspiratory air. UA collapse does
not occur during wakefulness and therefore relies on
compensation for wakefulness. The experimental
inspiratory load of normal subjects caused respiratory
related cortical activity. It was concluded that the
outcome of treatment could not be determined simply by
examining the streamline profile, but a profound
understanding of the characteristics of the fluid flow in
the respiratory tract was required. After surgery, the
narrow part of the pharyngeal cavity cross-sectional area
was changed to 2.3 times to the original, and the
laryngopharynx part also got large changes after surgery.
Therefore, it was concluded that resection surgery of one
part not only changed the structure of that part, but also
affected the structure deformity of other parts of the
respiratory tract. The integrated assessment is essential to
determine the impact of surgery on the deformity.

Conclusion

In this study, it was found that CT scan combined with 3D
modelling can effectively construct the 3D model of the
upper respiratory tract of OSAHS patients. After
hydrodynamics calculation of the 3D model of the
patient's upper respiratory tract, it was found that the
main lesion site of OSAHS patients was oropharynx.
Especially pharyngeal stenosis caused more damage to
the airway wall. However, H-UPPP surgical treatment can
reduce the flow speed and pressure in the high-speed
flow area in the high-pressure or low-pressure area of the
respiratory tract of OSAHS patients, thus reducing the
stenosis degree of the respiratory tract. However, it is still
necessary to carry out further research on the
pathogenesis of OSAHS patients and the structural
deformation and the advantage of surgical treatment.
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