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Abstract: Background: The inhalation of anesthetic vapors into the lungs is a function of both the respiration and
inhalant property. Factors which influence the alveolar concentration of anesthetics include breathing activities, airway
morphology, anesthetic diffusivity, and wall absorption rate. Administered anesthetic levels could be significantly different
from the alveolar level due to wall absorption loss and gas mixing in the airway.

Objective: To assess the transport and absorption of inhaled anesthetics in an anatomically accurate respiratory airway
geometry. Specifically aims include understanding the transport of inhaled vapors, quantifying the pulmonary dosage of
administered anesthetics, and identifying factors that influence airway absorption losses.

Methods: The geometry consisted of a CT-based mouth-throat (MT) model and a tracheobronchial (TB) model which
extends to G9 bronchioles and consists of 115 outlets. Vapor transport and absorption were simulated using the
Chemical Species model coupled with a user-defined vapor-absorption module.

Results: Unlike previously assumed developed flows after G6, features of developing flows are still apparent in the G9
bronchioles in this study. Large variations of bronchiolar vapor concentrations were observed among the five lobes.
Under quiet breathing conditions, vapor concentrations at the G9 outlets are 15 — 30% of the inhaled concentration level
due to gas mixing and wall absorption. The delivered dose to the pulmonary region varies from 48% to 96%, depending
on the vapor diffusivity and solubility. Vapor depletion due to wall absorption is significant (52%) for highly soluble
anesthetics and is inconsequential for low solubility ones.

Conclusion: A computer model was developed that implemented a wall absorption module in a realistic mouth-lung
model extending to G9. This model provides the basis for future quantitative studies of the relationship between

administered anesthetics and induced anesthetic level.

Keywords: Vapor transport, wall absorption, inhalation anesthetics, ultrafine aerosols, lung model.

1. INTRODUCTION

Inhalation anesthetics are frequently administered
for the purpose to relieve the pain of surgery.
Commonly administered anesthetics include volatile
liquids such as isoflurane, halothane, sevoflurane and
desflurane, and inorganic gas, such as xenon and
nitrous oxide [1]. Inhalant anesthetics are generally
administered to the patients either by face masks,
endotracheal tubes, or enclosed chambers containing
anesthetic vapors. Once the anesthetic agents are
ventilated into the alveolar, they will be absorbed into
the blood and distributed to different tissues, with the
brain being the main target. Inhaled anesthetics act in
different ways at the level of the central nervous
system to induce a local or general loss of sensation.
They suppress nerve responses to sensory stimulation
either by amplifying the inhibitory function or
decreasing excitatory transmission at the nerve
endings in the brain [2]. The induced anesthesia is

*Address correspondence to this author at the Department of Mechanical and
Biomedical Engineering, Central Michigan University, 1200 South Franklin
Street, Mount Pleasant, Ml 48858, USA; Tel: (989) 774-2456;

Fax: (989) 774-4900; E-mail: xilj@cmich.edu

E-ISSN: 2310-9394/13

usually categorized into four levels, as listed in Table 1,
which can be monitored by heart rate, respiration
rhythm, pupil reflexes, and spontaneous eye
movements. For example, the stage IV anesthesia is
indicated by the loss of spontaneous respiration and
the imminent collapse of cardiovascular control, which
should be avoided during the surgery. One key issue of
inhalation anesthesia is how to closely control the level
of anesthesia during the surgical process. However,
the relationship between the administered amount of
anesthetic and the anesthetic level is complex, which
involves the dosage to the lung, the transfusion and
transportation in the blood, and the uptake by the
sensory nerves. The mechanism by which inhaled
anesthetics produce the CNS depression is not clearly
understood, and a single theory to explain it is unlikely
[3.4].

The standard index of the level of inhalation
anesthetics is the minimum alveolar concentration
(MAC), which defines the minimal level of anesthesia
necessary to permit surgery [5]. Factors governing the
alveolar concentration of inhalants include inspired
concentration, alveolar ventilation, solubility, cardiac
output, and blood flow to the tissues. Inhalational
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Table 1: Four Stages of Inhalation Anesthesia
Also known as Period Symptoms
Stage 1 Induction Between initial administration and loss Patient progresses from analgesia without amnesia to
of consciousness. analgesia. Patients can carry on a conversation.
Stage 2 Excitement stage After loss of consciousness and Uncontrolled movements, vomiting, breathe holding,
marked by excited and delirious pupillary dilation.

activity.

Stage 3 Surgical anesthesia Phase 1 Eyes initially rolling, then becoming fixed
Phase 2 Loss of corneal and laryngeal reflexes.
Phase 3 Pupils dilate and loss of light reflex.
Phase 4 Paralysis, shallow abdominal respiration

Stage 4 Overdose Patient has severe brain stem or Cessation of respiration and potential cardiovascular

medullary depression. collapse.

anesthetics can be delivered through a facemask or a
tracheal tube connected to an anesthetic vaporizer.
The better a patient breathes in, the better the gas
exchanges, and the faster the patient gets
anesthetized. Clinically, the alveolar anesthetic gas
levels are difficult to measure; the end tidal levels of
inhalant anesthetics are generally used as an
approximation to the alveolar gas tensions [6].
However, the alveoli anesthetic levels are different from
the inhaled levels after the anesthetic vapors traveling
through the complex reparatory tract where wall
absorption and gas exchange occur. Vapor or
nanoparticles have been shown to be
absorbed/deposited at high concentrations in the
extrathoracic airway [7]. This absorption/deposition loss
can be further compounded by particle characteristics,
airflow field, and the airway geometry [8-11]. Therefore,
understanding the uptake and elimination of an
inhalational anesthetic is necessary for their proper use
and for improved patient safety.

Due to small sizes and low Stokes numbers (inertia
force), vapor and ultrafine particles are typically
considered analogous in their behaviors in the
respiratory tract as both are predominately governed by
the Brownian motion. A number of in vivo studies have
considered absorption/depositions of vapor and
ultrafine aerosols in human subjects [7,12-16]. Cheng
et al. [7] measured the nasal and oral deposition of
ultrafine aerosols in 10 normal adult male subjects, and
reported significant variations among the subjects. In
vitro studies that have considered flow field and
ultrafine particle deposition in human extrathoracic
airway geometries include Heenan et al. [17],
Johnstone et al. [18] , Zhang et al. [19,20], Cheng et al.
[21,22]. Heenan et al. [17] compared the flow field in a
mouth-throat model between measurements and
simulation and showed that Reynolds Averaged

Nervier-Stokes (RANS) turbulence models didn't
adequately capture the increased viscous effects at
lower Reynolds numbers. They attributed the
deficiency of RANS models to inadequate boundary
modeling, transitional flow regimes, and curvature-
related anisotropic turbulence. Zhang et al. [20]
compared measurements with existing in vivo data and
indicated that current USP throats couldn’t sufficiently
represent realistic extrathoracic airway geometries. A
design optimization of the proposed idealized mouth-
throat was later performed by Zhang et al. [19]. The
results showed that different key dimensions are
required for different flow rates in order to adequately
reproduce the in vivo extrathoracic depositions. In
addition to in vivo and in vitro experiments, a number of
numerical studies have considered the transport and
wall absorption of inhaled vapors [23-26] and ultrafine
particles [27,28]. The mass transport of chemical
species within the airway walls is controlled by inhalant
solubility, diffusion, and wall structure. Some studies
assumed high reactivity of the inhaled vapor and a zero
concentration condition [25,29,26]. Studies that
considered solubility in a mucus layer include Zhao et
al. [30], Keyhani et al. [31], and Tian and Longest
[32,33]. In light of ultrafine particles, Hofmann et al. [27]
employed a Lagrangian particle tracking model for
dilute ultrafine aerosols in a model of the third-to-fourth
airway junction. Xi el al. [28] studied the laryngeal
effect on airflow and nanoparticle depositions in a cast-
based TB model extending to G6 and observed that
turbulent effect persisted into the fourth generation
(G4) of the lungs. In addition, the larynx exerted a
substantial impact on the accumulation of inhaled
nanoparticles.

In summary, many studies have investigated the
vapor or nanoparticle absorption/depositions either in
human subjects, replica casts, or computer models,
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and have also shown significant impacts of geometric
realism on flow fields, vapor absorptions, and particle
depositions. However, few studies have studied vapor
or nanoparticle absorption/deposition in the airway that
extends beyond G6. One of the exceptions is Tian et
al. [34] who simulated nanoparticle condensation
growth in a single path model that extended to G15.
However, this model had only one branch bifurcation in
each generation after G3, and evaluation of its
adequacy in representing a tree of lung branches is still
in adolescence.

The objective of this study is to assess the transport
and absorption of inhaled anesthetics in a
physiologically realistic MT-TB geometry that extends
to G9. Specific aims include: (1) quantifying the
pulmonary dosage of administered anesthetics, (2)
identifying factors that influence upper airway wall
absorption, and (3) characterizing where the absorption
loss occurs. Benefits from this study include better
understanding of vapor absorption in deep lungs, and
new guidelines to improve the delivery of inhalation
anesthetics.

2. METHODS

2.1. Construction of Mouth-Lung Model

The geometry considered in this study consists of
the  mouth-throat (MT) region, the  upper

@)

tracheobronchial (TB) airways extending from the
trachea to the generation nine (G9) bronchioles (Figure
1). The trachea and two main bronchi constitute the
bifurcation G1. The MT geometry is a modification of
the physiologically realistic model proposed by Xi and
Longest [35] and contains the oral cavity, pharynx, and
larynx. This geometry was based on the oral airway
cast reported by Cheng et al. [36] along with in-house
CT data of the pharynx and larynx. The main geometric
features retained in the realistic model include the
airway curvature from the mouth entrance to the throat,
an oral cavity with a half mouth opening, a triangular-
shaped glottis, and a dorsal-angled upper trachea.
More anatomical details such as the epiglottal fold and
laryngeal sinus have been added to the pharynx and
larynx. Both of these anatomies are expected to
influence aerosol dynamics and are intended to
improve the realism of the model.

The TB geometry was based on the anatomical cast
dimensions reported by Yeh and Schum [37] and
scaled to a functional residual capacity (FRC) of 3.5 L,
which is consistent with an adult male [38]. The three
major features of this physiologically realistic TB model
are the right-left asymmetry, the cartilage rings, and the
non-planar of bifurcating branches. There are two lobes
(upper and lower) in the left lung and three lobes
(upper, middle, and lower) in the right lung. Similarly,
ventilation to the right and let lungs is also asymmetric.

(b)

Figure 1: Image-based mouth-lung model: (a) surface model and (b) computational mesh. The mesh consists of approximately
six million unstructured tetrahedral elements and a fine near-wall pentahedral grid.
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According to measurements by Cohen et al. [39], the
left lungs receives approximately 40% of the inhaled
air, with 16% feeding into the left upper (LU) lobe and
24% into the left lower (LL) lobe. The 60% ventilation to
the right lung distributes approximately 18% to the right
upper (RU) lobe, 12% to the right middle (RM) lobe,
and 30% to the right lower (RL) lobe.

C-shaped cartilage rings were kept in the TB model
through the trachea to the bifurcation G4, which
prevent these airways from collapsing during absence
of air [40]. Surface properties of the bifurcations such
as the carina ridge were taken from the measurements
of Horsfield et al. [41] and Hammersley and Olson [42].
The bifurcation units were rotated out of plane to
approximate the gravity angles specified by Yeh and
Schum [37]. The branch diameters, lengths, and
bifurcation angles of each generation were consistent
with those reported by Heistracher and Hofmann [43],
with only slight modifications that were required to
generate smooth asymmetrical bifurcations. In the
resulting airway model, the trachea had an average
diameter of 19 mm and a length of 90 mm. The
diameters of the right and left main bronchi were 14.3
and 14.1 mm, and the lengths of the two bronchi were
23 and 57.5 mm, respectively. Some distal branches in
the range of generations G8 and G9 were not retained
in the TB model. Most of the model paths extended
from the trachea to generation G7 with some paths
extending to generations G8 and G9. As a result, a
total of 115 outlets were preserved in the final
computational model. The resultant mouth-TB model in
this study is intended to be a general representation of
adult human airways that includes pharyngeal details,
lung asymmetry, bifurcation out-of-plane rotation, and
previously documented branching parameters.

2.2. Continuous and Discrete Phase Transport
Equations

2.2.1. LRN k-w Turbulence Model

Flows in all the geometries considered are assumed
to be isothermal and incompressible. Both the laminar
and the low Reynolds number (LRN) k-w turbulence
model have been employed in order to simulate the
laminar, transitional and fully turbulent flow regimes of
interest. The LRN k-w model was selected based on its
ability to accurately predict pressure drop, velocity
profiles and shear stress for transitional and turbulent
flows [44,45]. This model has also been demonstrated
to accurately predict aerosol deposition profiles for
transitional and turbulent flows in models of the oral
airway [46,47] and multiple bifurcations [48]. Moreover,

the LRN k-w model has been shown to provide an
accurate solution for laminar flow as the turbulent
viscosity approaches zero [45].

2.2.2. Continuous Chemical Species Model

In this study, a standard chemical species (CS)
model and a well-tested discrete Lagrangian tracking
model were implemented to simulate the dynamics of
pharmaceutical colloids. For the CS model, the mass
transport relation governing the convective-diffusive
motion of ultrafine aerosols can be written as

dlu.c
§+—( ! )z—a 5+ |9 1)
ot axj axj Sc, axj

where c is the mass fraction of nanoparticles, D is the
molecular or Brownian diffusion coefficient and Scr is
the turbulent Schmidt number, taken to be 0.9.
Assuming dilute concentrations of spherical particles,
the Stokes-Einstein equation is used to determine the
diffusion coefficients

D=_t_r¢ 2

37wdp @
where kg = 1.38x10™*° cng/s is the Boltzmann
constant. The Cunningham correction factor is

computed using the expression of Allen and Raabe [49]

d
C, :1+%[2.34+1.05exp[—0.397"]] (3)

p

where A is the mean free path of air, assumed to be 65
nm.

2.2.3. Absorption Model at the Air-Wall Interface

An analytical boundary condition that considered
the mass transport at the air-wall interface was
implemented in this study. The airway wall consists of
mucus, tissue, and capillary vessels and can be
considered as a composite layer. Based on ICRP [38],
the height of the airway wall h in different airway
regions are listed in Table 2 [32]. Convection is
negligible in the wall and zero concentration of the
absorbed chemical species is assumed at the outer
layer. The governing equation of vapor concentration at
the air-wall interface are adapted from Tian and
Longest [32,33] and can be expressed as,
d—C+%~C:O (2)
dn Dh,
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where n is the height in the normal direction, DW is the
vapor diffusivity in the compost wall layer, and A_ is

the air-wall partition coefficient. Species with 1, >> 1

are considered to be highly soluble in the mucus and
tissue, and coefficients in the range of 1 represent
moderately soluble species [32,33]. Nearly all volatile
anesthetic agents are hydrophobic and dissolve better
in oil than in water. In contrast, xenon is highly soluble
in water.

Table 2: Thickness of Mucus and Tissue Layers in the
Conducting Airway

Region Mucus (um) Tissue (um)
Mouth-Throat 15 50
Bronchial region G1-G3 11 55
Bronchiolar region G4-G9 6 15

2.3. Breathing Conditions

Steady state breathing, or square waveforms, were
adopted in this study. Inhalation flow rates were based
on the mean flow rates reported by Cheng et al. [50].
Sedentary, light, and heavy activity conditions have
been considered. Breathing frequencies and tidal
volumes have been converted to mean steady
inhalation flow rates taking into account that inhalation
only occurs for approximately one-half the breathing
cycle. Specifically, the mean inhalation flow rate is
defined as Q =2fV, where f is the breathing
frequency converted to breaths per second and V+ is
the tidal volume in cm® per breath. The resulting
inspiration flow rates for the three activity conditions
considered are 15, 30 and 60 L/min, respectively. For
these flow rates and steady flow conditions, mean inlet
Reynolds numbers are 973, 1,945, and 3,890,
respectively. The associated maximum Reynolds
number values for sedentary, light, and heavy activity
conditions occurring in the larynx and assuming a
mean hydraulic diameter of 10.52 mm are 1,997, 3,994
and 7,987, respectively.

Studies of respiratory flows typically assumed a
constant, parabolic or blunt inlet profile [51,48,52-54].
Our previous studies in bifurcating geometries show
good agreement with regional and localized in vitro
experimental data based on an initially blunt profile
[48]. Considering that the inhalation of ambient air will
likely result in a blunt velocity profile, this inlet condition
has been employed for all geometries considered and
is defined as

R\
u(r)=1.2244u,, ( R ] (8)

where r is the inlet radial coordinate, u,, is the mean
velocity and R is the outer radius of the inlet. This
profile is similar to a constant velocity inlet, but
provides a smooth transition to the no-slip wall
condition. Constant concentrations of the inhaled mass
fraction (ci,) have been assumed at all inlets. The
diffusivity of common anesthetics are generally within
the range of 5e-6 — 15e-6 m°/s [55]. For example, the
diffusivity of nitrous oxide in air is 14.3e-6 m°/s [56].

2.4. Numerical Methods

Due to the high complexity and multi-scale
dimensions of the model in this study, multi-domain
meshing approach was applied with unstructured
tetrahedral elements using ANSYS ICEMCFD.
Convergence sensitivity analysis was conducted to
ensure grid-independent predictions. The final mesh
consisted of approximately six million tetrahedral
elements and a fine near-wall pentahedral grid (Figure
1). To solve the governing mass and momentum
conservation equations in each of the cases
considered, the CFD package Fluent 6 was employed.
User-supplied Fortran and C programs were
implemented for the calculation of initial particle
profiles, wall mass flow rates, Brownian force [57],
anisotropic turbulence effect [58,59], and near-wall
velocity interpolation [57]. All transport equations were
discretized at least of second order accuracy in space.
A segregated implicit solver was employed to evaluate
the resulting linear system of equations. This solver
uses the Gauss-Seidel method in conjunction with an
algebraic multi-grid approach to solve the linearized
equations. The SIMPLEC algorithm was employed to
evaluate pressure-velocity coupling. Convergence of
the flow field solution was assumed when the
normalized global mass residuals fell below 10-5 and
the residual-iteration curves for all flow parameters
become asymptotic.

3. RESULTS AND DISCUSSION

3.1. Deposition Model Validation

To validate the computational model used in this
study, numerically predictions are compared with
existing experimental results for the deposition of
ultrafine and fine aerosols in the MT and TB regions.
The numerical MT geometry used in this comparison is
based on the in vitro model and was implemented in
the upper airway geometry shown in Figure 1. For flow
rates of 4 and 10 L/min, predictions of the CFD model
are observed to match the in vitro conditions to a high
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Figure 2: Comparison of nanopatrticle deposition with existing experimental results for the (a) mouth-throat (MT) geometry, and
(b) tracheobronchial (TB) region. Experimental data are presented as mean + SD.

degree across a range of nanoparticle sizes. The
deposition of nanoparticles in the TB geometry is
compared to the in vitro results of Cohen et al. [39] in
Figure 2b. For this comparison, the numerical TB
geometry including the larynx is a reproduction of the
experimental model. Dilute submicrometer aerosols
consistent with CSPs are considered at inhalation flow
rates of 18 and 34 L/min. It is observed that the
Lagrangian tracking model agrees with the in vitro
results for both of the flow rate conditions considered.
The use of user-defined BM and near-wall interpolation
routines, as described by Longest and Xi [57], and
near-wall anisotropic corrections were necessary to
achieve agreement with the experimental data.

3.2. Velocity and Turbulence Fields

Detailed knowledge of aerodynamics is crucial in
predicting the behavior and fates of inhaled agents.
The velocity field and stream traces in the MT-TB
geometry is illustrated in Figure 3 as sagittal and
coronal contour profiles for an inhalation flow rate of 20
L/min. In Figure 3a, skewed mid-plane velocity profiles
are observed in the curved portion from the oral cavity
to the larynx with the maximum velocity shifted to the
dorsal wall of the pharynx region. This shift in the
velocity profile is attributed to interactions among
convective acceleration (i.e., inertial forces), boundary
layer effects, and centrifugal forces in the curved bend.
In the larynx, the airflow accelerates before the glottal
aperture due to the gradual airway narrowing in this
region. A laryngeal jet starts to form slightly upstream
of the constricted glottis and propagates along the
upper trachea. This jetting effect induces flow reversals
near the left tracheal wall. As a result, a large
recirculation zone develops, which in turn reduces the

cross-sectional area available for expansion of the
high-speed flow. This general phenomenon of jet
instability is commonly referred to as the Coanda effect
and has been reported in previous experimental
investigations of the larynx during inhalation and
exhalation [60-62]. In the cartilaginous rings, smaller
eddies are noted (Figure 3c). To illustrate the
secondary motions in these regions, 2-D velocity
contours and stream traces are shown in selected
coronal slices (1-1' — 3-3’ in Figure 3a). The magnitude
of the secondary motion in each slice is approximately
30% of the main flow. This secondary motion
component functions to mix the inhaled air and
distribute the inhaled air towards the wall.

Highly heterogeneous flow features are observed in
the TB region (Figure 3a, right panel), which arise from
morphological details such as successive branching,
left-right asymmetry, and non-planar bifurcations. The
asymmetry is obvious in the two main bronchi. In the
model considered, airflows in nearly all branches are
still developing, and haven’t reached a parabolic profile
which characterizes developed laminar flows. Previous
studies typically assumed developed flows in distal
bronchioles after G6 [63,64]. However, results from this
study clearly show the developing flow features as well
as irregular velocity profiles even in G9 (Figure 3b).
Moreover, the velocity profiles in the distal bronchioles
appear to differ significantly from one another.
Therefore, a single-branch lung model as proposed in
Tian et al. [34] may not adequately represent the whole
lung scenario.

Turbulent characteristics within the nasal airway are
displayed in Figure 4. The turbulence viscosity ratio
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Figure 3: Inhalation airflow inside the respiratory tract at 20 L/min: (a) velocity field; (b) streamlines.

C:(v+vt)/v, where v and v; are the laminar and

turbulent kinematic viscosities, is a parameter that
significantly affects aerosol dispersion and wall
absorption. This parameter is proportional to turbulence
intensity and represents the additional viscous
transport due to turbulent mixing. From Figure 4,
turbulence occurs mainly in the larynx and the TB
region. The turbulence peak inside the trachea may be
attributed to both laryngeal jet effects and cartilaginous
perturbations. The oral cavity and distal bronchioles are
still dominated by laminar flows.

3.3. Vapor Transport

Steady state mass fraction contours of inhaled
xenon vapor in the MT-TB geometry are displayed in

Figure 6 for an inhalation flow rate of 20 L/min. Upon
inhalation, anesthetic vapor starts to interact and mix
with the airflow and is transported to the deep lungs.
The concentration profile is attenuated along the axial
stream direction as a result of enhanced mixing and
wall absorption. This concentration decrease is further
illustrated in the cross-sectional slices of Figure 5. A
direct comparison of airflow and particle transport
patterns (Figure 3 vs. 5) is informative. Dense vapor
concentrations are observed to associate with areas of
high flow velocities due to rapid convective mass
transfer. Similarly, low particle concentrations occur
either within recirculation zones or low-velocity regions.
More uniform particle distributions in both mid-plane
and cross-sectional contours are observed prior to the



Transport and Absorption of Anesthetic Vapors in a Mouth-Lung

International Journal of Anesthesiology Research, 2013, Vol. 1, No. 1 13

(c) Turbulent viscosity retio, £

Q =2 \
~
Y )(';' t
X 44
E
4
4
4
« 8
L
.
.
. ~‘ ]
i - o |
/L\H ¥ | w«
Pt V. »
7~ : «‘/
A
y \ J AN
. 7y /
71 A \,
\ ““’*"
—
»,

@)

(b)

Figure 4: Turbulent viscosity ratio (i.e., {=(v+v,)/v)in MT-TB geometry at an inhalation flow rate of 20 L/min:(a) {=2, and (b)

¢=11.

onset of turbulence. With increasingly turbulent flow,
which may begin in the region of Slice 2, the
concentration attenuation becomes  apparent.
Especially, a ring-shaped profile of vapor forms at Slice
2. The vapor concentration continues to decrease, as
evident in the lower mass fraction in Slice 3.
Considering that the absorption rate is proportional to
the local concentration gradient, higher absorption in
the M-T geometry and lower absorption in trachea are
expected.

3.4. Pulmonary Uptake and
Absorption

Upper Airway

In this study, the pulmonary delivery efficiency or
uptake is defined as the fraction of vapor exiting via the
trachea outlet to the vapor that is administrated.
Anesthetic vapor inhaled into the airway must escape
the filtration of the conducting airway before entering
the pulmonary region where capillary vessels are rich.
In contrast, the conducting airway, which extends from
the mouth to G15, is mainly lined with smooth muscles.
Figure 6 shows the comparison of pulmonary uptake
between two anesthetic vapors, i.e., xenon and
isoflurane in the five lobes. The diffusivities of these

two vapors are at the same magnitude (~0.08 cmzls).
However, their solubility in water differs significantly.
Xenon is highly soluble in water and has an air-wall

ratio A_, of 460, while isoflurane is only slightly soluble

in water and has a much smaller air-wall ratio (A _ =

0.62) [65]. Due to larger wall absorption loss to the
conducting airway, xenon has a much lower pulmonary
dosage (~52%) compared to isoflurane (~96%) under
quiet breathing conditions (20 L/min). The lobar
dosages for both species are generally consistent with
the flow partitions into each lobe (Figure 6).

Figure 7 shows the wall absorption for species with
high and low solubility that corresponds to xenon and
isoflurane, respectively. For generality, a wide range of
diffusivities were considered for three inhalation flow
rates (10, 20, 30 L/min). Again, species with a higher
water solubility are absorbed into wall at a much high
rate for all breathing scenarios considered. In this

study, the wall absorption with A4_ = 460 is more than

8 times larger than that with A_ = 0.62. For a given

vapor, the wall absorption decrease as the inhalation
rate increase, due to the shorter residence time in the
conducting airways.
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Figure 6: Comparison of Pulmonary uptake between xenon and isoflurane under quiet breathing conditions. The inhaled airflow
partition into the five lobes was also plotted. LL: left lower; LU: left upper; RL: right lower; RM: right middle; RU: right upper.

3.5. Local Absorption Results

Local absorption patterns in the upper airway are
displayed in Figure 8 for the two anesthetic species of
xenon and isoflurane. The deposition enhancement
factor (DEF) that was generally used for particle

depositions [66-69] will be borrowed in this study to
signify the ratio of local to averaged absorption rate of
inhaled agents. In this study, the local area was
assumed to be a region with a diameter of 500 ym, or
approximately 50 lung epithelial cells in length [70].
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Figure 8: Local absorption pattern of nanoparticles in the MT-TB model in terms of deposition enhancement factor (DEF) for (a)

xenon, and (b) isoflurane.

The overall pattern of DEF appears very similar
between xenon and isoflurane. Both cases display
absorption hot spots around the glottis where
convective diffusion is high due to converging-diverging
flows. Elevated DEF values are also observed in the
bifurcations from G5 to G9 for both particle sizes, with
more elevated DEFs in the more distal bronchioles and
presumably due to deceasing bronchiolar diameters.
This finding is noteworthy, because the absorption loss

of inhaled anesthetics in the airway could be much
larger than predicted in this study because of the even
smaller bronchiolar diameters of further generations.
Furthermore, for any two successive generations, the
number of bronchioles increases by twice and the total
surface areas of a more distal generation increase too.
The primary difference between these two species is
the intensity of the DEF hot spots. These hot spots are
more pronounced for xenon vapor in the glottis and
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distal bronchioles. In contrast, a more dispersed DEF
distribution is observed for isoflurane. There are
absorptions of isoflurane in the pharynx and tracheal
cartilaginous rings, while this absorptions is absent for
xenon.

3.6. Cross-Sectional Particle Profiles

Cross-sectional particle profiles exiting the TB
geometry have a significant impact on downstream
absorptions throughout the lung. One open question is:
can we assume evenly distributed aerosol profiles after
G9? Or, how accurate of such an assumption? Answer
to this question will have important implications on
interpolating the results from existing whole lung
models. In this study, we examined existing profiles of
xenon at three G9 bronchiolar outlets, as shown in
Figure 9. First, these three exiting profiles appear
visually similar, with each exhibiting a skewed peak
concentration. Second, the vapor concentrations at all
outlets have been significantly diluted, which is about
20% - 40% of the inhaled concentrations. It is
interesting to note that the vapor concentration at the

outlets could vary dramatically, as evident in the mass
fraction of 0.02 at the outlets “a” and “b” in contrast to
0.01 at the outlet “c”.

4. CONCLUSION

Vapor transport and absorption in an upper airway
model extending to G9 has been simulated with
anesthetic vapor species. Highly heterogeneous airflow
patterns were observed even in the most peripheral
bronchioles (G9) considered in this study. Similarly,
large variations of bronchiolar vapor concentrations
were observed among the five Ilobes. The
concentration level of anesthetic vapor in the
pulmonary bronchioles could be much lower than
administered concentrations. Vapor depletion due to
wall absorption can be significant (~50%) for highly
soluble anesthetics and is insignificant for low solubility
ones. The predicted pulmonary delivery efficiency is
~52% for xenon and ~96% for isoflurane under quiet
breathing conditions. Factors influencing the onset and
duration of anesthesia include inspired concentration,
ventilation, anesthetic solubility, cardiac output, and

J
a c

\\

)

|
»/
Mass fraction Mass fraction Mass fraction
B 7T N Il W 2 Il W =
0.00 0.01 0.02 0.00 0.01 0.02 0.000  0.005  0.010

Figure 9: Outlet concentration profiles for xenon at the G9 bronchioles in (a) right upper lobe, (b) right lower lobe, and (c) left

upper lobe.
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tissue capacity. A higher inspired concentration and
better alveolar ventilation will result in a higher alveolar
anesthetic concentration, which in turn induce a quicker
onset. The uptake of inhaled anesthetics by the blood
(wash-in) is mainly determined by the solubility. A
vapor with a lower solubility (such as isoflurane) will
reach the alveolar-blood equilibration faster and will
have a quicker induction and recovery.

Limitations of the current study include the
assumptions of steady state flows, neglecting
reactions, a composite mucus-tissue layer, and a rigid
airway surface. Tidal breathing could notably affect the
inspiration flow pattern and affect the motion of
entrained vapors. The movement of the airway surface
during a breathing cycle could also exert a noticeable
effect on respiratory flows and vapor dynamics. Steady
inhalations were adopted in this study to avoid the
prohibitive computational expense required for tidal
breathings. Based on a mesh size of 6 million, one
steady simulation in this study took about 20 hours in
an Intel 2.27 GHz workstation. By contrast, one
transient breathing cycle with 50 time steps would take
about 1,000 hours. Further numerical analyses and
complimentary in vivo studies are needed to better
evaluate the effects of tidal flows, compliable walls, and
intra-subject variability to improve predictions of the
anesthetic dosage and potency.
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