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Abstract
There is an increase in pressure necessary to drive xenon insufflation due to increased flow resistance that results from the elevated density and viscosity of xenon-oxygen mixtures. It had
been suggested that these higher pressures could be clinically relevant, though results from animal experiments demonstrate otherwise. Numerical simulations in a healthy adult morphology were performed to investigate how these elevated pressures are distributed within the respiratory tract and patient interface as a function of gas concentration, flow rate and endotracheal tube size. The results confirm that there is indeed an increase in pressure needed to
drive xenon anesthesia compared to air or oxygen ventilation and that the differences occurred
primarily across the endotracheal tube and were found to be much less significant within the
lung itself. For all parameters studied, pressure differences between xenon-oxygen and air or
oxygen ventilation were found to be negligible in the acinus for the healthy adult male morphology considered, indicating that the increased pressure at the ventilator to drive xenon insufflation is dissipated in the artificial breathing circuit.
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Introduction
During xenon anesthesia there is known to
be an increase in the ventilator pressure necessary to drive xenon-oxygen mixtures compared to ventilating with nitrogen-oxygen
mixtures or other anesthetic gases [1]. This
increase is attributed to the elevated density
and viscosity of xenon-oxygen mixtures that
result in increased resistance for laminar or
turbulent flow [2-4]. It has been suggested
that the higher pressures could be clinically

relevant [5]. However, published data from
experiments in pigs indicates that the increased pressure is largely dissipated in the
airway circuit, in particular the endotracheal
tube [1].
The effect of gas properties on respiratory airway resistance has been studied from a
fundamental physiological perspective [6-8],
in regard to clinical applications [9;10], and
based on numerical simulations [11;12]. But
there has not been a focused study on the
fundamental mechanics of xenon anesthesia
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that has presented the pressure distribution
throughout the respiratory tract as this type
of measurement is not possible in vivo. Our
research group has recently presented an analytical model of pressure distribution in the
respiratory tract to study effects of low density helium-oxygen mixtures [13]. In this paper
we will provide results from the extension of
this model to predict the airway pressure distribution throughout the respiratory tract, including the patient interface, during the insufflation phase of xenon anesthesia. Bench-top
experiments were performed in order to determine loss coefficients used for calculating
the pressure drop across the patient filter and
different diameter endotracheal tubes. The
calculated results are based on a parametric
variation of flow rate, endotracheal tube
(ETT) size and xenon concentration. The ultimate goal is to provide a fundamentally
sound basis for the further clinical application
of xenon anesthesia.

Methods

are called “major,” and a summation of all
the components that change the velocity distribution (acceleration or deceleration of fluid particles), are called “minor.” The minor
loss occurs in laminar as well as turbulent
flow. The summation of head losses is

(2)
where f is called the friction factor for each
straight conduit of length L and diameter D,
and K is a minor loss coefficient for each
component (e.g., the bifurcations in the respiratory tract). For laminar fully developed flow
f is analytically determined as
(3)
where Re is the Reynolds number based on
D and the density and viscosity of the fluid,
ρ and η, respectively,
(4)

Analytical model
The analytical model is described in detail in
the previous paper [13]. Briefly, for a constant insufflation flow rate, the pressure at
any location in the respiratory tract compared to the alveolar pressure is

After substituting Equations 2-4 into Equation 1 it can be shown that the major loss is
independent of density for laminar flow. For
turbulent pipe flow f has historically been determined empirically. For smooth tubes the
correlation derived by Blasius can be used:

(1)

(5)

where p and V are the pressure and velocity
at each location, ρ is the gas density, and α
is a coefficient that modifies the kinetic energy term to account for different flow profiles:
α=1 for a blunt velocity profile and 2 for a
parabolic profile. The summation on the
right-hand-side of Equation 1 is called the
head loss, which represents the sum of all the
resistive energy losses per unit mass in the
flow path.
In this typical engineering approach, the
head losses in all of the straight flow conduits

The criterion used herein for differentiating laminar and turbulent flow was Re≥2000.
The lungs are modeled as a symmetric, dichotomously branching network of stiff cylindrical tubes (the source of major losses) segmented into a series of bifurcating elements
(the source of minor losses). The 23 generations (increasing incrementally from 0 at the
trachea) are based on a morphology model
for healthy adult male lungs; that is, mother
and daughter diameters, length, and
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branching angle (θ=70°) at each bifurcation
are specified. The minor loss coefficients,
KBif, were previously calculated based on
computation fluid dynamics simulations [13].
In the present work the patient interface is
broken into two components, the filter and
the ETT and the minor loss coefficients, Kfilter
and KETT, respectively, were determined
through the bench top experiments described in the next section. To model expiratory flow in one example, a small minor loss
coefficient of 0.36 was used to account for
resistance of the expiratory breathing circuit
downstream from the ETT and filter. A
schematic of the model is shown in Figure 1.
Property values at 1 atm and 37 °C for the
gases used in the calculations are presented
in Table 1 [14].

Loss Coefficient Experiments
The minor loss coefficients for the patient filter and ETTs were determined by measuring
the pressure drop (Δp) across them under
controlled flow conditions using medical air
(Air Liquide, N2/O2 of 78/22%). A schematic of the experimental system (with an ETT in
place) is shown in Figure 2. Three ETTs
(Rüsch, Germany) with inside diameters (ID)
of 6, 7, and 8 mm and lengths of 28, 31.5,
and 33 cm, respectively, were tested. In addition, one breathing filter (Hydro-Guard Mini;
Intersurgical, UK) was tested. Two pressure
sensors were used: one for low range measurements of 0-5 cm H2O (PX-277; Omega,
US) coupled to a computer based data acquisition system based on LabVIEW software
(National Instruments, USA); and the other
for high range measurements of 5-100 cm
H2O (PR-201; Eurolec, Ireland). The flow rate

Table 1: Property values at 1 atm. and 37°C.
Viscosity x105 (kg/s-m)

Density (kg/m3)

Medical Air (N2/O2 78/22%)

1.809

1.201

Oxygen (O2 100%)

2.113

1.257

Xenon (Xe/O2 50/50%)

2.386

3.394

Xenon (Xe/O2 60/40%)

2.395

3.599

Xenon (Xe/O2 70/30%)

2.397

3.989

Gas

Filter
Ventilator

Endotracheal Tube
Y Piece
Trachea
Generation 0
Generation 1
Generation 2
Generation 3

Figure 1: Schematic basis for the analytical model of pressure loss.
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Figure 2: Schematic of the experimental system used for measuring the loss coefficients for the endotracheal tubes.

was controlled with a mass flow controller
(EL-Flow; Bronkhorst, Netherlands). The inlet
and out tubing were 18 mm ID ventilator tubing. Data were taken for flows of 5-100
L/min, at 5 L/min increments. The minor loss
coefficient at each flow rate was then calculated based on the pressure drop between
the inlet to the tube (or filter) and the atmosphere:

These data were then fit as a function of Re
for use in the model. As noted above, all of
the experiments were conducted with medical air at room temperature; because the results are correlated with respect to the non
dimensional parameter, Re, they can be applied to xenon using the principles of dynamic similitude. As an example, Table 2 lists the
Re for the 7 mm ETT and equivalent flow
rates for xenon at 37 °C.

Results
Parametric numerical simulations spanning
typical clinical conditions were performed by
varying ETT size (6, 7, and 8 mm), flow rate
(10, 20, and 30 L/min) and xenon concentration in the anesthetic range (50, 60, and 70%
by volume). The pressure distribution versus
position in the respiratory tract for the intermediate case of 7 mm, 20 L/min, and 60%
xenon is shown in Figure 3 compared with
equivalent curves for medical air and 100%
oxygen. This distribution represents the difference in pressure between a position of interest and the deepest generation of alveoli.
The first point in the curve is this pressure difference at the Y-piece; the second is the pressure difference from after the filter; and the
third is the pressure difference from immediately after the ETT in the trachea. The patient
filter is included following the practice in Europe. For applications without filters the associated effect on the pressure distribution
can be disregarded. The remaining numbered positions represent the bronchial gen-

9

Airway pressure distribution during xenon anesthesia

Table 2: Experimental flow rates with medical air, the Re calculated for the 7 mm endotracheal tube
with property values at 20°C (η=1.809x10-5 kg/s-m, ρ=1.207 kg/m3), and the equivalent flow rates of
xenon at 37°C.
Experimental Flow Rate with
Medical Air (L/min)

Re (D=7 mm)

Equivalent Flow Rate with
Xenon (L/min)

5

1006

2.2

10

2013

4.4

15

3019

6.6

20

4025

8.8

25

5032

11.0

30

6038

13.3

35

7044

15.5

40

8051

17.7

45

9057

19.9

50

10063

22.1

55

11070

24.3

60

12076

26.5

65

13082

28.7

70

14089

30.9

75

15095

33.1

80

16101

35.3

85

17108

37.6

90

18114

39.8

95

19120

42.0

100

20127

44.2

erations. Thus, position 0 is at a point just beyond the first bifurcation (i.e. entering generation 1). Figures 4, 5, and 6 show the pressure distributions for the parametric variation
of ETT size, flow rate, and xenon concentration, respectively.
In Figure 3A, for the intermediate case, it
can be seen that the pressure at the Y-piece
to drive xenon insufflation is almost two
times (97% more than) that necessary for
100% oxygen.
At the exit to the ETT, the pressure is still
78% greater with xenon than with 100% oxygen, but the values themselves are approximately one tenth of what they were at the Ypiece. In other words, 90% of the pressure
drop occurs in the external breathing circuit

(i.e., the filter and ETT). Within the lung (as
shown in Figure 3B) P - Palv dissipates to essentially zero after generation 15, which
marks the entry to the acinus, for all the gas
mixtures considered.
Parametric variation of ETT size, flow rate
and xenon concentration were performed.
In Figure 4 it can be seen that the ETT size
has a significant effect on the pressure at the
Y-piece: there is a 130% increase for a 6mm
tube compared to an 8mm tube for 60%
xenon flowing at 20 L/min. However, note
that in the lung itself the pressure distributions are identical. Figure 5 shows the effect
of flow rate for 60% xenon through a 7 mm
ETT. At the Y-piece, there is an increase in
pressure of more than 450% increasing the
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Figure 3: Pressure distribution in the respiratory tract for the standard case of 7 mm, 20 L/min, and
60% xenon compared to medical air and 100% oxygen: A) complete distribution, B) only within the
lung.
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Figure 4: Pressure
distributions in the
respiratory tract based on the variation
of EET size for 60%
xenon concentration
and 20 L/min flow
rate.
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Figure 5: Pressure
distributions in the
respiratory tract based on the variation
of flow rate for a 7
mm endotracheal
tube and 60% xenon
concentration.
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Figure 6: Pressure
distributions in the
respiratory tract based on the variation
of xenon concentration for 20 L/min flow
rate and a 7 mm endotracheal tube.
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flow rate from 10 to 30 L/min. There are relatively equivalent increases in pressure within the lung. Finally, as shown in Figure 6, variation of the xenon concentration from 50%
to 70% has relatively little effect on the pressure distribution (increasing pressure by
about 12% at the Y-piece).

Discussion
Pressure distribution representing the difference in pressure between positions of interest in the respiratory tract, including the external breathing circuit, with respect to the
deepest generation of alveoli have been presented in Figures 3-6. Because the relative
alveolar pressures are essentially zero for all
the cases considered, the results are consistent with the conclusion of Schmidt et al. [1]
that there is little risk of impairment of the
bronchial system due to the elevated pressures needed to drive xenon anesthesia under normal conditions.
The pressure distributions shown in Figures 3-6 are most directly applicable for constant flow insufflation. However, they can also be seen as the instantaneous pressure distributions that would exist in any ventilation
mode. These pressure distributions are not
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available in practice but only the Y-piece
pressure as measured by the anesthesia ventilator. To put the results into perspective the
following example is introduced: constant insufflation flow rate (40 L/min) in volume controlled mode with ventilation parameters of
0.5 L tidal volume at 20 breaths/minute and
an inspiratory:expiratory ratio of 1:3, through
a 7 mm endotracheal tube with a one second pause to create a plateau, into a lung
with compliance of 0.03 L/cm H2O. Figure 7
shows time traces over the breathing cycle
for the A) flow rate and B) pressure at the Ypiece as would be seen at the ventilator for
100% oxygen and for 60-40% xenon-oxygen.
A description of the breathing cycle will
define the terms introduced in Figure 7. The
breath itself begins at t=0 with an idealized
instantaneous increase in insufflation flow
rate from 0 to 40 L/min as shown in Figure
7.A. The change in pressure needed to overcome the flow resistance (Δpres) for each gas
is indicated in Figure 7.B. As discussed previously, this pressure is dependant on the gas
properties, especially density, and is therefore greater for the xenon mixture than for
oxygen. The constant insufflation continues
for 0.75 s until the target tidal volume of 0.5
L is achieved. The pressure needed to drive
this flow must increase to the peak pressure
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C
Figure 7: Model predictions with ventilation parameters of 0.5 L tidal volume at 20 breaths/minute and
an inspiratory:expiratory ratio of 1:3 (constant insufflation, 40 L/min), through a 7 mm endotracheal
tube with a one second pause to create a plateau, into a lung with compliance of 0.03 L/cm H2O: A)
flow rate and B) pressure as measured at the Y-piece. The exhalation curves are dashed to indicate
that they represent estimates for a hypothetical flow circuit. C) Pressure distributions in the respiratory tract at 2.45 s where the exhalation flow rates are the same (19.33 L/min).

(Δpvol) because the alveolar pressure is increasing according to the lung compliance.
Because the flow rate, tidal volume and compliance are the same for both gases, the
slope of the pressure rise and Δpvol are the
same for both gases. In particular, for this
example Δpvol= 0.5 L / 0.03 L/cm H2O = 16.7
cm H2O. The peak pressures are different
due to the difference in Δpres between the
xenon mixture and oxygen. But recall from
the previous discussion of Figure 3, the alveolar pressure in each case will be essentially
the same. When the target tidal volume has
been achieved the flow is stopped and because the volume is held in the lung there is
a plateau pressure for 1 s from 0.75 to 1.75
s. With no flow the pressure measured at the
Y-piece, the plateau pressure, is the same as
the airway pressure and is the same for both
gases and is equal to Δpvol. At this point the
ventilator releases the pressure to allow exhalation. The exhalation curves are shown as
dashed lines because they represent a hypo-

thetical case where specific curves would be
dependent on the flow resistance in the exhalation circuit of the ventilator. However, it
is certain that the xenon mixture will have a
longer exhalation time constant than oxygen
due to its higher flow resistance. Anecdotally,
some physicians have reported higher
plateau pressures during xenon anesthesia,
which could be a result of end-expiratory gas
trapping. The plateau pressure is elevated for
over-inflated lungs because lung compliance
decreases as lung volume increases towards
total lung capacity.
Examining Figure 7B in more detail we
note that the peak pressure at the Y-piece for
the xenon mixture is over 33 cm H2O which
is about two times greater than for oxygen.
However, the pressure at the Y-piece is the
same as airway pressure only when there is
no flow. Thus the plateau pressure is often
approximated as airway pressure [15], which
is about 16 cm H2O in this case.
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Figure 7C shows the pressure distributions for each gas at 2.45 s, when the exhalation flow rates are the same (19.33 L/min).
The higher pressures throughout the lung
during xenon exhalation (about 6 versus
3 cm H2O in this example) result from slower lung emptying due primarily to the greater
resistance of the ETT.
It should be noted that this is a focused
study that does not address other issues related to the mechanics of xenon anesthesia
such as the effects of disease (e.g. central vs.
peripheral airway obstruction), and the morphology of sub-populations (e.g. infants, children). Furthermore, herein is only a limited
treatment of exhalation. The links between
these mechanical effects and gas exchange
also merit further study.
Regarding the specific methods used, it
has been reported in the literature that for
turbulent flow pressure losses in ETTs can be
modeled with the Blasius equation (Equation
5) [16;17]. Herein the ETT is consider a minor loss, so we might expect KETT=fL/D for the
ETT, with f determined using Equation 5.
However, in our experiments the measured
values were greater than the Blasius result.
This discrepancy can be accounted for by the
additional losses due to the contraction into
the ETT and the expansion into the trachea
(see Figure 2). As these losses would be part
of the breathing circuit they are included implicitly within KETT in the model. On the other hand, pressure drop through the larger
connecting ventilator tubing is assumed to be
negligible. It has also been noted in the literature that effects due to curvature in ETTs are
minimal for turbulent flow [17]. We found
this to be true in our experiments. For example, for the 7 mm tube at Re=10000 (Q=50
L/min in air, about 22 L/min for 60% xenon)
the difference in K value between a straight
tube and a 90° bend was about 6%. As the
bend angle is not fixed in practice, we based
the calculations on KETT for straight tubes.
In conclusion, numerical simulations of
the insufflation phase at constant flow (Volume Controlled mode) for xenon anesthesia
have been performed for a healthy adult

male morphological model, showing that a
higher peak pressure is needed at the Y-piece
than for air or oxygen to achieve the same
ventilation pattern. However, the pressure
differences were much less significant within
the lung itself, and negligible in the acinus.
The pressure at the Y-piece during insufflation is to a great extent dependent on the
flow rate and the size of the ETT used; but to
a much lesser extent on the concentration of
xenon in the mixture when this falls within
the anesthetic range. As has been demonstrated in animals [1], this work confirms in a
numerical model of human airways that the
increased pressure at the ventilator to drive
xenon insufflation is dissipated in the artificial
breathing circuit over a range of ventilatory
conditions.
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