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ABSTRACT

In this study, we investigated the airflow and air-conditioning
within an anatomically accurate computer model of the nasal
airways belonging to a healthy adult chimpanzee. The finite vol-
umes method was used to compute unsteady turbulent flows
with physiological flow rates of 2.2 sin (21t/3.4) [m/s], 1.8 sin
(21t/1.6) [m/s], and 4.4 sin (21Tt/1.4) [m/s], mimicking breathing
at rest state, shallow breathing under light stress, and a sniffing
phase, respectively. Turbulent k-omega model was used to simu-
late unsteady respiratory phases whereas the turbulent k-epsilon
model was used to simulate the sniffing phase. Simulation results
argued that assuming a steady laminar inhalation state to inves-
tigate the air-conditioning performance within chimpanzee nasal
cavity may be exaggerated. The outcomes of this study might
potentially contribute in accumulating standardized biological in-
formation on healthy chimpanzee, and so increasing the ability to
care for it as an endangered species.
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1. Introduction

In mammals, the respiratory air flows from the
external nostrils through the nasal passage into
the pharyngeal cavity [1], [2]. Mammalian nasal
fossa contains interconnected airways network
wherein inhaled air-conditioning in terms of
temperature and humidity [3], olfactory sensing,
and contaminants filtering occur [1], [2].
Respiratory air exchanges heat and moisture
with nasal mucosal tissue to meet the conditions
required in the lungs (fully saturated at body
temperature).

Because of its complex topology, the nasal
architecture has been far less explored in most
mammals leaving comparison context vague.
The advancement in medical imaging and
computational power have  significantly
improved the time required to reconstruct three-
dimensional (3D) anatomical models and
determine airflow patterns. Consequently, it is
now possible to generate nasal geometries from
several animals which may be used for
interspecies comparisons of nasal airways
variability to understand the functional
implications regarding respiratory and olfactory
airflow [4]. So far, studies of nasal anatomy in
mammalian animals included lagomorphs [5],
rodents [6], carnivores [7], [8], and ungulates [9],
[10].

Recently, there has been an increase in the
number of computational fluid dynamics (CFD)
simulations involving realistic nasal cavities of
Old World monkeys [11], [12] and chimpanzee
[12]. [11] investigated the contribution of the
maxillary sinus to air-conditioning performance,
using CFD simulations based on 3D topological
computer models, derived from computed
tomography (CT) scans, of the nasal cavity of
four Japanese macaques, two rhesus
macaques, and a savanna monkey. [12] used a
CFD model to compare nasal air-conditioning
principles and performance in humans,
chimpanzees, and macaques; based on digital
topological models of the nasal passage
reconstructed from medical imaging of six
human volunteers, four chimpanzees, four
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Japanese and two rhesus

macaques.

macaques,

Even though [12] carefully evaluated nasal air-
conditioning performance among the three
genera (human, chimpanzee, and Old-World
monkeys) by simulating varied ambient
atmospheric conditions, they have only reported
constant respiratory flow models which may not
represent what actually occurs during unstable
tidal airflow. Furthermore, they assumed that
nasal airflow is laminar whereas turbulent
models have been used for airflow simulations in
human nasal cavities [13], [14].

In this study, we investigated the airflow and air-
conditioning within an anatomically accurate
computer model [15] of the nasal airways
belonging to a healthy adult chimpanzee [16].
The finite volumes method was used to compute
unsteady turbulent cases with physiological flow
rates of 2.2 sin (21t/3.4) [m/s], 1.8 sin (211t/1.6)
[m/s], and 4.4 sin (21t/1.4) [m/s], mimicking
breathing at rest state, shallow breathing under
light stress state, and a sniffing
phase, respectively. Whereas similar CFD
analysis performed in the same subject
compared the air-conditioning performance of
human, chimp, and macaque [12], here
we report realistic computations using a
CFD model reliable for small-bodied
chimpanzee which has a thinner mucosal
layer than human. Studying a range of chimp
specimens is presently considered beyond
the scope of this paper.

The results of this study might potentially
contribute in accumulating standardized
biological information on healthy chimpanzee,
and so increasing the ability to care for it as
an endangered species.

2. Materials and Methods
2.1 Ethics statement

The scanning experiment was carried out in
accordance with the third edition of the
Guidelines for the Care and Use of laboratory
Primates by the Primate Research Institute,
Kyoto University (KUPRI), Inuyama, Japan. The
experimental protocol was approved by the
0002



Kaouthar Samarat et al., IJBM, 2018; 2:8

Animal Welfare and Care Committee of the
same institute (Permit Number: 2012-075). The
chimpanzee, Pan troglodytes, which is reared at
the same institute, was scanned with the
computer  topography  scanner (Ateion
Premium4, Toshiba Medical Systems Co.) at
KUPRI. The animal was anesthetized
intramuscularly  with 3.5 mg ketamine
hydrochloride (Sankyo-Parkle-Davis & Co., Inc.)
and 0.035 mg medetomidine hydrochloride
(Meiji Seika Kaisha Ltd.) per kilogram of body
weight. This procedure was conducted after it
was sedated orally using 3.75 mg of droperidol
in 1.5 ml of orange juice, and the anesthesia was
maintained with isoflurane (Dainippon Sumitomo
Pharma Co., Ltd.) delivered in oxygen through a
precision vaporizer and a re-breathing circuit.

2.2 Anatomical data

The CT scanning used in this study consisted of
401 slices, spanned from mouth tip to just
anterior to larynx, of the head of an adult
chimpanzee (estimated age: 35-year-old;
weight: 44.1 kg), Pan troglodytes reared at
KUPRI [16]. Each slice was composed of 512
x 512 pixels in the DICOM format. Scans
resolution was 0.351 mm/pixel and scans
pitch was 0.5 mm/slice. The scans were
performed in three different axial positions. The
CT scans are available on the digital
morphology  museum (DMM) database
(http://[dmm.pri.kyoto-u.ac.jp), of the Primate
Research Institute, Kyoto University, Inuyama,
Japan (CT scans id: PRICT #467 and 468).

2.3 Reconstruction of nasal topology

Black areas of CT scans represented nasal
airways. They were extracted, based on a
threshold of brightness using Avizo 7 (FEI
Visualization Sciences Group, Hillsboro, OH,
USA), thus voxel data of the nasal cavity were
reconstructed. After converting the voxel data
into STereoLithography (STL) data, they were
modified to derive a 3D smooth surface using
Magics 9.5 (Materialize Inc., Leuven, Belgium).
Finally, an unstructured tetrahedron mesh was
generated using Gambit 2.4 (ANSYS Inc.,
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Canonsburg, PA, USA). The computational
mesh contained about 3.7 x 10° tetrahedron
cells, 7.6 x 10° triangles, and 7.4 x 10° non-
duplicated nodes. Its surface area and total
volume were 185.41 cm? and 41.64 cmé,
respectively [15].

2.4 Computational model of the nasal airflow

We used an air flow model with heat and
humidity transport [17], adapted to reflect
chimpanzee respiratory physiology. The
governing equations were resolved with the aid
of FLUENT (ANSYS Inc., Canonsburg, PA,
USA) using the finite volumes scheme.

2.5 Boundary conditions

Boundary conditions used to obtain the results in
this paper were implemented in a manner similar
to that stated by [18]. Physiologically realistic
estimates of respiratory rate and tidal volume
were calculated based on the body weight of the
subject as reported by [19] and [20].

2.6 Computational parameters

Simulations of airflow inside the chimpanzee
nasal airways were performed with the aid of
FLUENT (ANSYS Inc., Canonsburg, PA, USA).
Numerical computations were performed with
implicit time stepping and a pressure-based
solver.  Pressure-velocity  coupling  was
accomplished with SIMPLE approach. Green-
Gauss Cell Based gradient option was used to
determine spatial gradient. Second Order and
Quick discretization schemes were used for
pressure and other remaining variables
respectively. Turbulent k-omega model was
used to simulate unsteady respiratory states
whereas the turbulent k-epsilon model was used
to simulate the sniffing phase. Computation was
run on Cray XC30. Parallel computation was
performed on 18 processors using the
parallelization tool of FLUENT. A norm less than
10 was set as convergence criterion to
terminate the iterations of energy; other norms
were less than 10° except for the water mass
fraction which was set to less than 103. The
under-relaxation factors were kept as default.
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Graphical results were displayed using Avizo
7.0.

3. Results and Discussion

We investigated turbulent unsteady states to
analyze the airflow patterns within a realistic
chimpanzee computer nasal model. The CFD

simulations were performed for three different
breathing modes: Breathing at rest state,
shallow breathing under light stress, and a
sniffing phase. The following figure
describes the configuration of each case.

Time variance in the airflow velocities for different breathing styles

4.4

22

Velocity [m/s]

=== Breathing at rest

Breathing under light stress

Sniffing phase

2.2

Time [s]

Figure 1. Time variance in the airflow velocities for different breathing modes:
Sniffing phase (red); Shallow breathing under light stress (green); and breathing at
rest state (brown). The horizontal axis represents the time [s] and the vertical axis

represents the nasal airflow velocity [m/s].

3.1 Breathing at rest state

Time variance of the airflow velocity for
breathing at rest state is defined by a sine wave
function as V= 2.2 sin (2mt/3.4) [m/s].
Inspiratory phase, 1.7 s; Resting phase, 0.1 s;
Expiratory phase, 1.7 s; Resting phase, 0.1 s.
We assumed a tidal volume TV = 395 ml with 18
breaths/min.

3.2 Shallow breathing under light stress

Time variance of the airflow velocity for shallow
breathing under light stress is defined by a sine
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wave function as V= 1.8 sin (2mt/1.6) [m/s].
Inspiratory phase, 0.8 s; Expiratory phase, 0.8 s.
We assumed a tidal volume TV =200 ml with 37
breaths/min.

3.3 Sniffing

Time variance of the airflow velocity for sniffing
phase is defined by a sine wave function as V=
4.4 sin (2mt/1.4) [m/s]. Sniffing phase, 0.35 s;
Resting phase, 0.1 s. We assumed a tidal
volume TV = 200 ml.
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Figure 2. Airflow pattern and velocity distribution within chimpanzee nasal airways during
breathing at rest state: The streamlines and the contour planes indicate air streams and

structure of flow velocity, respectively.

0.0 m/s

Shallow brea&‘ﬁg under light stress Shalldwbreathing under light stress,

Shallow brgathing under light stress

Inspiratory phase (1/4 cycle), Vmax =3.6 m/s  Inspiratory phase (1/2 cycle), Vmax = 5.0 m/s Inspiratory phase (3/4 cycle), Vmax = 3.5 m/s
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e \»
Shallow l}fkathing under light stress Shallow bréathing under light stress Shallow breathing under light stress,

Expiratory phase (1/4 cycle), Vmax = 3.65 m/s Expiratory phase (1/2 cycle), Vmax = 5.1 m/s Expiratory phase (3/4 cycle), Vmax = 3.7 m/s

Figure 3. Airflow pattern and velocity distribution within chimpanzee nasal airways during
shallow breathing under light stress: The streamlines and the contour planes indicate

air streams and structure of flow velocity, respectively.
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3.0m/s

\\
Sniffing phase (1/2 cycle), Vmax = 7.6 m/s

Sniffing phase (1/1 cycle), Vmax = 11.6 m/s

Figure 4. Airflow pattern and velocity distribution within chimpanzee nasal airways during
sniffing phase: The streamlines and the contour planes indicate air streams and structure

of flow velocity, respectively.

Figure 5 shows the simulated temperature
distribution within chimpanzee nasal cavity. The
horizontal axis represents the contour plane
number starting from nostril  tips to
nasopharyngeal region, the vertical axis
represents temperature for different breathing

modes including the laminar steady inhalation
phase [12]. Although roughly all cases exhibited
the same tendency of temperature distribution,
the inhaled air wasn’t adjusted similarly before
reaching the pharyngeal region (contour plane
number 9).

Temperature in the nasal passages of chimpanzee for different respiratory modes

35

33
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31

30

29

Representative temperature [C]

28

27

26

1 2 3 4 5

—@— Laminar steady inhalation phase

_—®—Turbulent unsteady Sniffing phase (1/2 cycle)

Turbulent unsteady sniffing phase (1/1 cycle)

Turbulent unsteady breathing at rest state (1/4 cycle inspiratory phase)
- —@— Turbulent unsteady breathing at rest state (1/2 cycle inspiratory phase)
- —@— Turbulent unsteady breathing at rest state (3/4 cycle inspiratory phase)
- —@— Turbulent unsteady shallow breathing under light stress (1/4 cycle inspiratory phase)
" —@— Turbulent unsteady shallow breathing under light stress (1/2 cycle inspiratory phase)
" —@— Turbulent unsteady shallow breathing under light stress (3/4 inspiratory phase)

" —e—Turbulent unsteady breathing at rest state/shallow breathing under light stress (1/4-1/2-3/4'expiratory phases)

6 7 8 9

Number of contour plane from nostrils to nasopharynx

Figure 5. Temperature distribution within chimpanzee nasal cavity for different breathing modes:
Horizontal axis represents number of contour plane from nostrils to pharynx. Vertical axis

represents temperature ['C].
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Figure 6 shows the simulated water mass
fraction distribution within chimpanzee nasal
cavity. The horizontal axis represents the
contour plane number starting from nostril tips to
nasopharyngeal region, the vertical axis
represents water mass fraction for different

breathing modes including the laminar steady
inhalation phase [12]. Although roughly all cases
exhibited the same tendency of water mass
fraction distribution, the inhaled air wasn'’t
moisturized similarly before reaching the
pharyngeal region (contour plane number 9).

Water mass fraction in the nasal passages of chimpanzee for different respiratory modes

3.18

268

218

4

4 —@— Laminar steady inhalation phase

Water mass fraction [%)]

168

Turbulent unsteady Sniffing phase (1/2 cycle)

Turbulent unsteady sniffing phase (1/1 cycle)

118

Turbulent unsteady breathing at rest state (1/4 cycle inspiratory phase)
—@— Turbulent unsteady breathing at rest state (1/2 cycle inspiratory phase)
—&— Turbulent unsteady breathing at rest state (3/4 cycle inspiratory phase)
—&— Turbulent unsteady shallow breathing under light stress (1/4 cycle inspiratory phase)
—@— Turbulent unsteady shallow breathing under light stress (1/2 cycle inspiratory phase)

—@— Turbulent unsteady shallow breathing under light stress (3/4 inspiratory phase)

068 @
1 2 3 4 5

—— Turbulent unsteady breathing at rest state/shallow breathing under light stress (1/4-1/2-3/4 expiratory phases)

6 7 8 9

Number of contour plane from nostrils to nasopharynx

Figure 6. Water mass fraction distribution within chimpanzee nasal cavity for different breathing
modes: Horizontal axis represents number of contour plane from nostrils to pharynx. Vertical axis

represents water mass fraction [%].

We conclude from the above graphs that
assuming an inhalation laminar steady state to
investigate chimpanzee nasal air-conditioning
principles, in order to compare nasal cavities
performance of human, chimp, and macaque
[12], may be exaggerated.
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