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Abstract We present the device design, simulation, and
measurement results of a therapy device that potentially
prevents sleep apnea by slightly increasing inspired CO,
through added dead space (DS). The rationale for treatment
of sleep apnea with CO, manipulation is based on two
recently reported premises: (i) preventing transient reduc-
tions in PaCO, will prevent the patient from reaching their
apneic threshold, thereby preventing “central” apnea and
instabilities in respiratory motor output; and (ii) raising
PaCO, and end-tidal CO,, even by a minimal amount,
provides a strong recruitment of upper airway dilator
muscles, thereby preventing airway obstruction. We have
also provided the simulation results, obtained from solving
the Navier—Stokes (NS) equations within the device vol-
ume. Therein, the NS equations are coupled with a con-
vection—diffusion equation that represents the transport of
CO; in the device, thus enabling the transient simulation of
CO, propagation. Using this procedure, a prototype of
variable volume dead space reservoir device was designed.
Volumetric factors influencing carbon dioxide increases in
the added reservoir (open-ended DS) were investigated.
The maximum/minimum amount of CO, concentration
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were obtained for the maximum/minimum device volume;
3.4 and 2.4 mol/m® for the DS volumes of 1.2 and
0.5 x 1073 m3, respectively. In all case studies, the CO,
buildup reached a plateau after approximately 20 breathing
cycles. The experimental measurement results are in
agreement with the simulation and numerical results
obtained using the proposed simplified modeling tech-
nique, with a maximum relative error of 3.5%.

Keywords Sleep apnea - Inspired carbon dioxide CO, -
Computational fluid dynamics - Transport of diluted
species

Abbreviation

P,CO, Atrial Pressure of Carbon Dioxide in Arterial
Blood

PerCO, End tidal CO,

Xo, Concentration of O,

Xco, Concentration of CO,

X0,.1 Chamber O, concentration before inhale

X0,. Chamber O, concentration after inhale

X0,3 Chamber O, concentration after exhale

X0,,in Inlet air O, concentration

Xco,2 Average CO, concentration after inhale

Y0,1 Average inhale air O, concentration

Yo,2 Average exhale air O, concentration

et Average CO, concentration after inhale where n
is the breathing cycle number

cha Average CO, concentration after exhale in nth
breathing cycle

Vp Air velocity at the inlet boundary

TV Tidal Volume

RV Reservoir Volume
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y Main reason to introduce y in the equations is to
(i) account for imperfect mixing in small
volume, e.g. due to undeveloped flow and (ii)
account for any unforeseen parameter that can
affect the mixing of CO, and fresh air

1 Introduction

An escalating 10% of the general US population has clin-
ically significant sleep apnea [1], where breathing stops
repeatedly and interrupts sleep, leading to significant car-
dio-vascular morbidities, insulin resistance, neural injury,
heart attack, irregular heartbeat, and accelerated mortality.
These effects of sleep apnea lead to a decrease in quality of
life and productivity. Sleep apnea may increase the risk for
accidents while working or driving.

One possible treatment for sleep apnea is the use of
inspired CO,. Since the early 1980s, several studies have
shown that the constant inhalation of CO, can help prevent
central sleep apneas (CSA) [2-7]. Even obstructive sleep
apnea (OSA) patients with extremely collapsible airways
responded positively to the CO, treatment Most of these
results were obtained during periods of 1 to 6 h of CO,
therapy during the night [8].

Although upper airway collapsibility is a critical com-
ponent of OSA, it is now well-established that patho-
physiologic characteristics such as a sensitive arousal
threshold (to elicit ventilatory overshoots), high “loop
gain” i.e. chemo-sensitivity and plant gain, and/or reduced
responsiveness of airway dilator musculature to chemore-
ceptor stimulation are also commonly present in the
majority of OSA patients [9, 10]. In turn, CO, has been
shown to be a major regulator of airway caliber during
sleep, i.e. when the “wakefulness” stimulus is removed, as
evidenced by the following observations: (1) small tran-
sient reductions in P,CO,—as experienced with ventilatory
overshoots which occur upon recovery from an apnea and/
or via transient arousals—of 1-4 mmHg will elicit apneas
and ventilatory instability during NREM sleep [11, 12]; (2)
adding inspired CO2 sufficient to increase P,CO,
1-3 mmHg removes most or all of the hypocapnic induced
central apneas and the periodic breathing induced via
hypoxic exposure and/or CHF, spinal cord injury, or with
idiopathic central apnea [13—17]; and (3) adding inspired
CO, increases both phrenic (linear) and hypoglossal
(alinear) motor nerve activity, thereby recruiting both
diaphragm and upper airway dilator muscles [18, 19].

So theoretically, increasing CO, should stabilize central
respiratory motor output as well as improve upper airway
caliber and prevent upper airway obstruction. It is believed
that breathing in low concentrations of CO, can help pre-
vent periodic reductions in P,CO,. By preventing these

levels from falling below the apnea threshold of P,CO,, the
number of breathing cessations can be reduced. However,
handling all the equipment for exogenous CO, can be
cumbersome in a household setting, and the benefits
towards sleep quality are still debated [6, 20, 21]. Another
method of increasing CO,, is the addition of extra DS.
Dead space is the portion of the airway passages that do not
contribute to gas exchange (i.e. trachea and bronchi). It has
been shown that the Apnea-Hypopnea Index (AHI) in CSA
and OSA patients can be decreased by the addition of as
little as 400 to 600 mL of external DS [8, 22, 23]. A study
showed that 17 of 21 OSA patients subjected to mild to
moderate levels of rebreathing their own CO, during sleep
eliminated most of their sleep disordered breathing [8].
This study used a “fixed” volume rebreathing device worn
using a full face mask.

These findings by using DS raised the question of how
rebreathing of exhaled gas affects subsequent CO, accu-
mulation/concentration rate change. In addition to the
experimental study of such problems, computer simulation
provides an alternative way of validating the DS-based
experiment by considering a range of parameters that affect
the CO, concentration, thus allowing for the analysis of a
larger group of subjects. Unfortunately, the literature is
void of any computational modeling. At the very best, a
mathematical modeling of the CO, accumulation in closed
spaces is provided in [24]. This model; however, is not
extendable to the current study since the apnea treatment
device considered herein is an open end volume.

The present study aims to investigate the effects of DS
volume on CO, concentrations through simulation and
experimentation. The aim is to propose, quantify, and
validate the CO, accumulation in the proposed device
designs. The remainder of the document is organized as
follows. Section 2 elaborates on the design of the device
that is used to treat the sleep apnea. A computational
approach is explained and adopted in Sect. 3.1. The sim-
ulation and experiment results for various device volumes
are provided in Sect. 3.2. A mathematical model to capture
the CO, accumulation in the open-volume apnea treatment
device is discussed in Sect. 3.3. Section 4 provides further
discussion of the results.

2 Device Design

A variable volume DS reservoir device was designed for
the purpose of validating the mathematical model formu-
lated in this study [25]. The design of our device incor-
porated an automatic variable DS volume, different from
previous models which involved the fixed volume. Our
device’s main criterion was to allow for incremental
adjustments in length to vary the DS present in the device.
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The varied DS volume’s objective is to create different
CO, concentrations inside the device’s reservoir for
rebreathing. The CO, concentration is measured at differ-
ent volume intervals to determine the effect of DS volumes
on CO, concentrations.

A generic embodiment of the device consists of a mask
to cover the wearer’s mouth and nose, the mask is con-
nected via a flexible tube to a variable sized reservoir that
has an inlet, connected to the tube, and an outlet which is
open for fresh air ventilation. The distance between inlet
and outlet is adjustable. The main feature of this device is
the variably sized reservoir. Different physical devices can
be constructed to create this variably sized reservoir that
has an adjustable length between the inlet and outlet. One
such embodiment of the reservoir consists of a worm-gear
driven bellow tube to position its base which allows the
contraction and expansion of a constant diameter cylinder
to a desired volume.

The embodiment’s external housing and threaded disc,
pictured in Fig. 1, were fabricated using 3D printing. The
motor was mounted to the left side of the housing using
screws. The worm gear was attached to the motor via a hole
on the left wall. The threaded disc that acts as the outlet for
the DS was then screwed halfway down the shaft. A plastic
bellow was stretched over the threaded disc and secured to a
lip at the left wall of the device that encompasses the inlet
hole. With the internal components assembled, a top to the
housing was screwed on the right side of the device, closing
the reservoir and centering the worm gear with a ball bearing
in the top. An Arduino processor was then mounted in an
electronics box and screwed to the housing to process the
sensors and control the motor.

The device controls the CO, concentrations by moving
the threaded disc and changing the DS volume. By varying
the volume of the DS, exhaled CO, builds up in the DS and
does not get recycled into the ambient surroundings. The
exhaled CO, mixes with ambient air in the DS to raise the
CO, concentrations in the rebreathed DS. Once the user

Threaded Disc with

Plastic Bellow Outlet Hole

Ball Bearing

Inlet

O Odd

PO wwrs Y
“WormGear

DeadSpace
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inhales, the excess CO, from the DS raises the CO, con-
centration in the user. CO, levels in the user are fluctuated by
adjusting the amount of DS present for inhalation. The longer
the DS, the more CO, that can accumulate without being
ejected from the device during exhalation. When the device
records a hypopnea from the patient with the device’s sen-
sors, it actuates the motor and drives the worm gear to
incrementally advance the threaded disc for expansion of the
DS. As more hypopneas occur, the device will keep incre-
menting the threaded disc until apneas discontinue. If a
hyperpnoea occurs, then the device will retract the threaded
disc and reduce the volume of DS the user rebreathes. This
retraction will continue until no hypo-/hyperpnoea occur, at
which point the device will maintain the current DS volume.

Figure 1 shows the device used for this study. Exhaled
breath from the wearer comes in through the inlet on the
top left side of the device and enters the DS. The DS is
defined as the volume of the threaded container from the
plate that connects to the open air to the plate that connects
to the flexible breathing tube. The threaded disc (approxi-
mately center on Fig. 1) contains an outlet for airflow and a
threaded hole that interfaces with a central worm gear
(center shaft with threads in Fig. 1. A motor located below
the inlet drives the worm gear that results in a translation of
the threaded disc to either expand or contract the DS (an
expansion would be moving the threaded disc to the right
as seen in Fig. 1. The DS is contained within a larger
cylindrical casing that contains square holes for the air
exchange and prevents interference from external objects
to the moving internal parts.

3 Analysis
3.1 Numerical Simulation

To further investigate the accumulation of the CO, in the
rebreathing device, a numerical simulation of the transport

Top

Fig. 1 Left Schematic diagram of an accordion-like, 8 cm diameter collapsed bellows DS. An axial stepper motor rotates a long worm gear
protruding at the near end that expands the bellows up to expanded length. The larger perforated white surround (casing) prevents the patient
from contacting any motion, yet permits gas flow. Right Mannequin using the device
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of diluted species was conducted herein. The governing
equation of the transient air flow in the device can be
explained by Navier—Stokes (NS) and Continuity equations

p%+p(u~V)u:V~ [—pI + u(Vu+ (Vu)")] (1)
V.u=0, (2)

where u, p, p and p are the fluid velocity, pressure, density,
and viscosity, respectively. The convection—diffusion of
the CO, is expressed by [26]

56’,’

E + V.(—D,Vci) + M.VC,‘ = R,‘, (3)
where ¢; and R; are the CO, concentration and source/sink;
was used to simulate ventilatR; = 0 in the current study due
the absence of chemical reaction. D; is the diffusivity (also
called diffusion coefficient), such as mass diffusivity for
particle motion. The value of diffusion coefficient D for the
diffusion of CO, in fresh air is 0.166 cm?*/s at 310.15 T/K
[27]. Equation (3) is coupled to the NS equations given in
Egs. (1) and (2).

Due to the negligible amount of CO, in the fresh air
(<0.04%) and stationary condition before breathing, a
uniform zero initial CO, concentration, ¢, = 0, and zero
velocity were assumed in the device. The outflow boundary
conditions for velocity and concentration were modeled as

[—pl + ,u(Vu + (Vu)T)]n = —pon, 4)
Dnch,- = 0, (5)

where pg is the ambient pressure.

The COMSOL software [28] was leveraged to model the
CO, propagation explained by Egs. (1-5). A breathing
cycle was then modeled as two separate simulations to
mimic the inhale and exhale processes individually. The
difference of the two simulations was in the inlet concen-
tration boundary condition as explained below:

e [Inhale An inflow air with the CO, concentration ¢ = 0
mol/m>, ie. that of the fresh air, and velocity
vy = 0.35 m/s in form of a step function was applied
to the simulation [29]. At the end of the simulation, the
average CO, concentration, ci'7, was measured inside
the reservoir, where 7 is the breathing cycle number.

e FExhale An inflow concentration ¢ = 20.95— (1 —

5 .ave
ﬁ) Cn1

average CO, concentration of the reservoir, ¢35, was

[24] and velocity v, was considered. The

measured at the end of the process.

Zero initial velocities were considered inside the reservoir
for both Inhale and Exhale cycle. The initial concentration
for each cycle was the final average concentration of the
previous cycle; that is, for the breathing cycle n, ¢’y and

ave

ci'T were assigned as the initial concentration of the Inhale

and Exhale, respectively.

Fluid and concentration equations, Egs. (1-3) were
solved simultaneously (fully coupled). In terms of model-
ing, a Reynolds-Averaged Navier—Stokes (RANS) with a
K — € model is used. The linear system constructed from
the FEM discretization was solved using an iterative
Backward Differentiation Formula (BDF-2) method at each
time step until the convergence was achieved (on average
around 7-9 iterations). The simulation consisted of multi-
ple (20) breathing cycle with independent inhale and
exhale simulation in each cycle (total of 40 simulations).
The inlet and outlet boundary conditions were imple-
mented using Dirichlet (for velocity and concentration) and
Neumann (for pressure). The compute time to execute 40
simulations was around 18 h on a PC with an Intel I7
processor and 64 GB RAM.

In the simulation of the exhale, the inlet condition, i.e.
where the exhale air entered the chamber, had a fixed
velocity which was obtained from the exhale air volumetric
rate in an average human (500 mL/cycle which represents
the tidal volume). More specifically, we set the inlet
velocity equal to 0.3 [m/s].

Similarly, the exhale concentration was fixed; the value
of exhale CO, was calculated based on the average con-
centration of O, in inhale: ¢ = 20.95 — (1 — 25—1) cﬁvf‘ [24]
where c,,, is the average inhale concentration and (1-5/21)
is a typical rate of O, consumption in one breathing cycle.
The value of ¢4, was estimated by averaging the chamber
CO, concentration at the beginning and end of one inhale
cycle. Finally, the pressure boundary condition was applied
using Neumann boundary where pressure gradient was zero
in the direction of the boundary. The simulation procedure
for the inhale was the same as that of the exhale and the
velocity and pressure boundary conditions were similar to
those of the exhale. The CO, concentration at the inlet, i.e.
where the air enters the chamber, was the same as that of
the fresh air (almost zero).

As for the initial condition, we used zero velocity and
atmospheric pressure in the reservoir. The value of the
concentration depended on the history of the breathing
through the device, i.e. the number of the simulation in the
sequence of breathing cycles: at any certain simulation, we
set the initial CO, concentration the same as that calculated
from the last breathing sub-cycle (inhale or exhale).

We used variable mesh length (smaller elements at the
wall, larger at the center) with a growth rate of 1.2 normal
to the wall. The reason for doing this was to improve the
quality of the wall boundary condition. We used the
COMSOL meshing tool. Overall, the model was dis-
cretized using about 40000 Tetrahedra, Pyramid, and Prism
elements, please see Fig. 9 (see Appendix). Table 1 (see
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—<&— Comsol simulation, v = 0.5 x 1073 m?

—o— Comsol simulation, v = 1.2 x 10~% m?
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Appendix) includes details about the mesh used in the
computational study, such as type of elements, number of
elements, and mesh quality metrics.

Two device dimensions, with DS volumes equal to
v =[0.5,1.2] x 103 m’, were investigated. For each
device n = 20 breathing cycles were simulated using the
Inhale and Exhale procedures explained before. As shown
in Fig. 2 the plateau of the average CO, buildup occurs
before the 20th breathing cycle. Figures 3 and 4 capture the
concentration development in device designs associated
with the maximum and minimum volume for three time
steps: t =0.5,1.0,2.4s. A breathing cycle is assumed to
take about 4.8 s, which is equivalent to 2.4 s exhale or
inhale time.

3.2 Experimental Study Model

A pediatric human patient simulator (HPS) mannequin,
Fig. 1, right, was used to simulate ventilation to measure
the CO, accumulation in a reservoir for two volumes of
v =0.5&1.2 x 1073 m>. The mannequin ‘breathed’ with
tidal volume 500 mL and expired CO, concentration of
5% = 2.11 (mol/m>). End-tidal CO, (PgrCO,) and level of
CO, were recorded using a CARDIOGRAPH® by
Respironics monitoring system.

@ Springer
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3.3 Mathematical Modeling

To further simplify the numerical studies, a mathematical
model may be used to evaluate the accumulation of CO,. A
similar effort was made in [24] to evaluate the accumula-
tion of CO, due to rebreathing in a confined space. Therein,
the CO, accumulation was formulated as

5
X0,2 = [(RV — TV)XOZ,I + TV(I —ﬁ>X0271:|/RV

(6)
mol
XC0o,2 = [8-33 o x02,2:| ; (7)

where xp, and x¢p, are the concentration of O, and CO; in
mol/m°, respectively; TV is the tidal volume which is
assumed to be 4.5 x 10~* m3; and RV is the reservoir
volume in which the rebreathing occurs. Equations (6) and
(7) predict a continues increase in the CO, to its maximal
value, i.e. 8.83 mol/m®. Our proposed device is an open-
space reservoir with a hole to allow for outflow of expired
air and inflow of fresh air. Therefore, Egs. (6) and (7) are
not suitable for the current study. A model is proposed
herein to describe the CO, accumulation inside an open-
space reservoir. By allowing a reservoir connection to the
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Fig. 3 Transient CO, concentration (mol/m®) propagation in a reservoir with the volume v = 1.2 x 107> m? at three time instances: t = 0.5s
(a,d),t = 1.0s (b, e), t = 2.4s (c, f). a—c and d—f denote the exhale and inhale processes, respectively. The inflow boundary condition is assumed
at the left side of the reservoir. In a—c the left side denotes the inlet of accordion-like device, and in d—f, left side denotes the outlet of accordion-

like device presented in Fig. 1

ot
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Fig. 4 Transient CO, concentration (mol/m®) propagation in a reservoir with the volume v = 0.5 x 10~3 m? at three time instances: t = 0.5 s
(a,d), t=1.0s (b, e), t =245 (c, f). a—c and d—f denote the exhale and inhale processes, respectively. The inflow boundary condition is
assumed at the left side of the reservoir. In a—c the left side denotes the inlet of accordion-like device, and in d—f, left side denotes the outlet of

accordion-like device presented in Fig. 1

ambient air, the CO, concentration in each breathing cycle
can be obtained in a procedure explained below.

The average O, concentration in the chamber after an
inhalation, x¢, 2, is obtained from its value before inhala-
tion xp,| as

x0,2 = [(YTV)x0,in + (RV = 7yTV)x0,1] /RV, (8)

where x, i, is the inlet air O, concentration, which is equal
to 8.83 mol/m’ in standard air condition. Equation (8)
relies on the flow incompressibility which implies that the
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inflow and outflow volumes are both equal to 7V. Due to an
imperfect mixing of the inlet with the reservoir air, part of
the inlet air, (1 — )TV, leaves the reservoir without mixing
with the reservoir air. Another part, YTV, flows towards
outlet after mixing with the reservoir air. The coefficient )
can have a value in the range [0, 1], with y = 1 denoting a
perfect mix. The main reason to introduce y in the equa-
tions is to (i) account for imperfect mixing in small vol-
ume, e.g. due to undeveloped flow; and (ii) account for any
unforeseen parameter that can affect the mixing of the CO,
and fresh air. Therefore, the average O, concentration,
Yo,.1, experienced during inhalation can be obtained as

Yo,1 = 0.57(x0,1 + x0,2) + (1 = 7)x0,.in 9)

Similar procedure is followed during exhalation. The
exhale O, concentration, yg,», where

5
y02,2 :y02‘1 (1 21)7 (10)

9 ¢

is mixed “imperfectly”‘ with the chamber in a similar

fashion
x0,3 = [(7TV)yo,2 + (RV —9TV)x0,.] /RV, (11)

where xg, 3 is the O, concentration at the end of a breathing
cycle. The O, reduction value in rebreathing was assumed
to be 5/21, which is for a healthy subject. This value may
change slightly between patients. The breathing procedure
formulated by Eqgs. (8)—(11) is then repeated, given the
initial xp, | concentration at the beginning of the breathing
is the one obtained at the end of the previous cycle, i.e.
X0,3. We assume that the flow rate during the inhalation
and exhalation are similar; therefore, parameter y has the
same value in Eqgs. (8), (9), and (11).

3.5 T T T

w
T

N
wn
T

Mathematical Model

CO, Concentration (mol/m?)

—o— Comsol simulation, v = 1.2 x 10~3 m®

%  Experiment, v = 1.2 x 1073 m®

2 L 1 1
0 5 10 15 20

Number of breathing cycles

Fig. 5 Transient CO, accumulation in an apnea treatment device
with the volume of v = 1.2 x 103 m®. The plot shows the results of
the mathematical model, simulation, and experiment
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Fig. 6 Parametric analysis of the CO, accumulation in the apnea
treatment device for different values of DS volume, RV, tidal volume,
TV, and mixing efficiency, y. The CO, accumulation is provided for:
top RV € 0.5,1.7) L and 7y € [0, 1], and bottom RV € [0.5,1.7] L and
TV €[0.5,1.7] L

Figure 5 shows the CO, accumulation in a device with
RV = 1200 mL, where it is assumed that the mixing of the
inflow and reservoir air is complete (y = 1). A good
agreement with the experimental data was obtained for the
small device when y = 0.5. We conjecture that the
imperfect mixing of the CO, and fresh air in the small
device due to undeveloped flow causes imperfect mixture
and calls for y < 1. This is shown in Fig. 4 where the bulk
of the flow is around pipe center line.

The mathematical model and experimental results
demonstrate the CO, buildup in the proposed device. We
use this model to investigate the change of the CO, buildup
when the environment condition changes to ensure that an
excessive CO, concentration will never happen. To this
end, we conducted a series of tests in the design domain
defined by 7y€(0,1], TV €]0.3,0.8] x 10~ and
RV €[0.5,1.7] x 107> m’. We found no situation where
the CO, concentration exceeds 3.5 mol/m3, see Fig. 6.



A Modeling Study on Inspired CO, Rebreathing Device for Sleep Apnea Treatment by Means... 295
Fig. 7 HPS mannequin end- 5 T T T T T T T T T
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Fig. 8 Comparison of the average CO, accumulation obtained from
COMSOL simulation and experimental data inside the apnea
treatment device. CO, increased at the lower and higher volume
level of added DS. At each level after adequate number of breathing
cycle CO, level reach plateaued

The mathematical model provided to capture the CO,
accumulation relies on the perfect mixing of the exhale air
with the DS air. This condition is satisfied when the DS
volume is large enough and the flow reaches a fully
developed condition. However, when the DS volume is
small, a great portion of the inlet air passes through the
device without mixing with the existing air, see Fig. 4. To
account for this, we assumed that the mixing coefficient for

reaches its maximum at 1.2 x 107> m°>.

To summarize, a variable volume DS reservoir device
was designed, constructed and tested. The result of this test
was achieved through exposing the mannequin to inhaled
gas from a CO, reservoir; a process that increased end-tidal
CO; (PgrCOy) during normal breathing Fig. 7. Based on
previous studies [2], this adjustable variable volume device
may permit the use of minimal amount of dead space (and
therefore minimal increase in CO, to eliminate significant
numbers of apneas, thereby providing an opportunity for
apnea elimination without side effects of “excessive”
hypercapnia as described in Khayat et al. study [22].

The experimental and simulation values of the CO,
concentration for two device designs with minimum and
maximum DS volume, v =[0.5, 1.2] x 1073 m3, are
captured in Fig. 8. For both device volumes, the concen-
tration values measured experimentally and computation-
ally agree well. Additionally, confirmed by those tests, the
CO, concentration can be adjusted by changing the DS
volume.

4 Discussion
Dead space device has been used in several studies since
1980s which incorporates the rebreathing of exhaled air to

induce moderate hypercapnic conditions in systemic cir-
culation [2, 8] have recently demonstrated in a small cohort
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of OSA patients that breathing from a CO,-enriched
reservoir eliminates most apneic events in obstructive and
central sleep apnea patients [8]. However, none of those
aforementioned studies provide a model to study the
behavior of CO, inside the DS device. To back up the
experimental studies conducted on the breathing man-
nequin, the rebreathing process was numerically simulated.
The simulation tool can provide a priori knowledge of the
CO, accumulation for the rebreathing DS device. Fur-
thermore, a mathematical model was provided to analyze,
more efficiently, the CO, accumulation. The model was
used to run three parametric studies (RV, TV, and y) to
ensure that excessive CO, accumulation is avoided. Sug-
gested mathematical models can assess the CO, rebreath-
ing device function for further study.

The merit of numerical modeling approach is to quantify
the mixing pattern of the CO, in the device and analyze the
CO, accumulation, through a wide range of input param-
eters and patient data. This study was conducted to eval-
uate and provide a better understanding of the transient
CO, propagation and the mixing of the inflow and reservoir
air. A series of validation scenarios using a combination of
experiment and simulation were conducted for different DS
volumes. We conjecture that a similar simulation technique
may be used to study the problems that involve human
exhale air in different apparatus.

The limitation of the study is that we did not collect
qualitative or quantitative data on human subject, subject
comfort, or subject breathing effort using the device. Fur-
thermore, for each device design study, the geometry needs
to be built in the software, and appropriate mesh selected.
The re-meshing of the reservoir may ask for a long pro-
cessing time. More refine mesh increases the computation
time exponentially since it also demands for small time
step.

5 Conclusions

We designed, fabricated, and tested a relatively inexpen-
sive, inspired CO, rebreathing device for the purpose of
sleep apnea treatment. We performed a CFD analysis and
an experimental test bench. This study was conducted to
evaluate how volumetric differences in the DS device, used
for sleep apnea treatment, affects the dynamics of CO,
accumulation in the device by means of mathematical/
simulation/computational modeling and experimental
approaches. We have tested the accuracy of this device by
providing a model to study the behavior of CO, inside the
DS device. A breathing mannequin, with mechanics similar
to patients, was used to simulate respiration for testing. The
mannequins quantified, via mathematical modelling, the
dynamics of CO, mixing between the inflow gas and dead

@ Springer

space air. The main advantage of this proposed variable DS
device is to elicit highly predictable (& 3.5% error) alve-
olar P,CO, levels by changing the reservoir DS, thereby
ensuring that excessive CO, accumulation would not occur
during rebreathing. The use of suggested mathematical
models can assess the CO, rebreathing device function for
further study in the respiratory system and devices.
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Appendix

This section further demonstrates and explains the details
and mesh type associated to the implementation of the
finite element method. Table 1 includes details about the
mesh used in the computational study, such as type of
elements, number of elements, mesh quality metrics, etc.
(Fig. 9).

Table 1 Mesh statistics’ details about the mesh used in the compu-
tational study [28]

Description Value
Minimum element quality 0.02965
Average element quality 0.5922
Tetrahedral elements 30,302
Pyramid elements 186
Prism elements 7562
Triangular elements 6136
Quadrilateral elements 352
Edge elements 487
Vertex elements 18
Maximum element size 0.00608
Minimum element size 0.00182
Maximum element growth rate 1.2

Fig. 9 Demonstrates the mesh used in the computational study
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