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Abstract
The multiple inert gas elimination technique (MIGET) provides a method for estimating alveolar
gas exchange efficiency. Six soluble inert gases are infused into a peripheral vein. Measurements
of these gases in breath, arterial blood, and venous blood are interpreted using a mathematical
model of alveolar gas exchange (MIGET model) that neglects airway gas exchange. A
mathematical model describing airway and alveolar gas exchange predicts that two of these gases,
ether and acetone, exchange primarily within the airways. To determine the effect of airway gas
exchange on the MIGET, we selected two additional gases, toluene and m-dichlorobenzene, that
have the same blood solubility as ether and acetone and minimize airway gas exchange via their
low water solubility. The airway-alveolar gas exchange model simulated the exchange of toluene,
m-dichlorobenzene, and the six MIGET gases under multiple conditions of alveolar ventilation-to-
perfusion, V ̇A/Q̇, heterogeneity. We increased the importance of airway gas exchange by changing
bronchial blood flow, Q̇br. From these simulations, we calculated the excretion and retention of the
eight inert gases and divided the results into two groups: 1) the standard MIGET gases which
included acetone and ether and 2) the modified MIGET gases which included toluene and m-
dichlorobenzene. The MIGET mathematical model predicted distributions of ventilation and
perfusion for each grouping of gases and multiple perturbations of V̇A/Q̇ and Q ̇br. Using the
modified MIGET gases, MIGET predicted a smaller dead space fraction, greater mean V̇A, greater
log(SDVA), and more closely matched the imposed V̇A distribution than that using the standard
MIGET gases. Perfusion distributions were relatively unaffected.
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INTRODUCTION
The multiple inert gas elimination technique (MIGET) is a tool that has significantly
advanced our understanding of pulmonary gas exchange. Experimentally, six soluble inert
gases are infused into a peripheral vein and measured in the exhaled breath, the arterial
blood, and venous blood. The MIGET mathematical model 51 analyzes these measurements
by dividing the lung into 50 gas exchange units, each characterized by a single ventilation-
perfusion ratio, and generating distributions of ventilation, V̇A, and perfusion, Q̇, as a
function of these 50 gas exchange units. Ventilation distributed to high V̇A/Q̇ units
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represents dead space and perfusion to low V̇A/Q̇ units represents shunt. Further analysis of
these distributions can quantify gas exchange efficiency during conditions such as chronic
obstructive pulmonary disease 48, exercise 16, and asthma 49.

The MIGET is dependent on three major assumptions: 1) steady-state mass flux; 2)
negligible diffusion barrier in the alveolus; and 3) negligible interaction of inert gases with
the airways. The validity of the first two assumptions was assessed under a range of
conditions within the context of gas exchange during partial-liquid ventilation 46. The third
assumption has been debated but its validity has not been settled. The argument in favor of
the assumption is based in alveolar gas exchange theory; the V̇A/Q̇ of the airway (ratio of
airway ventilation to bronchial blood flow) is greater than 100 and therefore qualifies as
dead space. The arguments contesting this assumption are more diffuse but integrate both
experimental and theoretical results. In some experimental studies, the excretion of acetone
in relation to ether does not follow the MIGET predicted trend 9,12,55 and dead space as
predicted by inert gases decreases as the blood solubility increases 20,41. Additionally,
theoretical studies showed that acetone exchanges predominately within the airways during
tidal breathing and these predictions were used to explain inert gas data from humans and
dogs 1,56. Because neither argument has been proven conclusively, an experimental
investigation was performed to directly assess this assumption. That study used a novel
aortic pouch preparation to alter bronchial blood flow (a major factor in airway gas
exchange) and demonstrated that changes in bronchial blood flow affected the excretion of
highly blood-soluble gases (e.g., ether and acetone) more than low blood-soluble gases (e.g.,
SF6 and ether) 38. But this study could not conclusively resolve the effect of airway gas
exchange on MIGET. Still, the question remains unsettled.

In recent years, the number of studies using the MIGET has decreased as other non-invasive
scanning techniques, offering enhanced spatial resolution, have taken its place and
institutional review boards have increased restrictions on invasive techniques. However, it is
possible that a MIGET renaissance could occur through the use of endogenous gases
coupled with highly sensitive, parts-per-billion (ppb) measuring devices. Many endogenous
gases have been identified as potential biomarkers (e.g., methane, ethane, pentane, isoprene,
etc) and have been measured at ppb concentrations in the exhaled breath 7,31,33 and new
techniques are being developed to rapidly measure and resolve these gases at ppb
levels 10,32,47,52. Currently, the motivation for measuring these gases in the exhaled breath is
to diagnose metabolic disturbances, cancer, heart disease, and other diseases. However, it is
possible that a set of six to ten endogenous blood soluble gases could be judiciously selected
to replace the standard six infused MIGET gases. Endogenous gases would eliminate the
invasive infusion of exogenous gases, but arterial and venous blood samples would still be
necessary. The selection of these gases will be critical to ensure that they satisfy all MIGET
assumptions. We expect that the findings of this study will guide that task.

In this study we use a mathematical model of airway and alveolar gas exchange 1 to
investigate the effects of airway gas exchange on the MIGET and answer two questions: 1)
Does airway gas exchange affect the MIGET; and 2) Under what conditions does airway gas
exchange most affect MIGET? To resolve these questions, we change two factors
influencing airway gas exchange. We replace the two soluble gases that are the most
susceptible to interaction with the airways, acetone and ether, with gases that are more inert
with respect to the airways (i.e., low water solubility). Additionally, we change bronchial
blood flow, a significant factor in airway gas exchange, within the mathematical model.
From this theoretical study, an experimental investigation could be carried out to confirm or
deny our predictions.
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METHODS
Summary of Approach

Alveolar exchange of inert gas depends, predominately, on three physiological factors:
ventilation rate, perfusion rate, and blood solubility of the inert gas. However, airway gas
exchange depends on three different factors: 1) water and blood solubility of the gas; 2)
delivery of gas to the airway tissue via perfusion of bronchial circulation; and 3) diffusion of
gas from the bronchial circulation through the tissue and into the airway lumen. Because the
physiological mechanisms of gas exchange are different between airways and alveoli 3, we
exploit two mechanisms unique to airway gas exchange to explore its impact on MIGET: the
solubility characteristics of the gases (mechanism 1) and the rate of bronchial blood flow
(mechanism 2).

Blood and water solubility—We know that blood solubility, as measured by the blood
to air partition coefficient - λb, is a primary factor in determining where a gas exchanges in
the lung. Gases with λb<1 and λb>100 exchange completely in the alveoli and airways,
respectively, while gases between these two ranges exchange in both the airways and
alveoli 1. The water solubility of gas, as measured by the water to air partition coefficient -
λw, is as important as blood solubility because the mucus, which lines the airway wall and is
in intimate contact with the respired air, is assumed to have solubility characteristics like
water. Generally a distinction between water and blood solubility is not made because the
two measures are similar for most gases 30. However, some gases like methyl ethyl ketone
(MEK) and m-dichlorobenzene (m-DCB) have similar blood solubilities (λb(MEK)=202 and
λb(m-DCB)=201) but disparate water solubilities (λw(MEK)=254 and λw(m-
DCB)=5.5) 36,37. Based on their blood solubilities alone, these gases should exchange
completely in the airways. However, a theoretical study has shown that the majority of gas
exchange for MEK occurs in the airways while that for m-DCB occurs in the alveoli 45. For
m-DCB, the reduced mucus solubility relative to the blood solubility hinders gas exchange
with the upper airways and shifts gas exchange into the alveoli.

In a similar manner, ether and acetone, the most blood-soluble of the MIGET gases, are
predicted to exchange in the airways based on their solubilities in water and blood 1.
Therefore, to examine the impact of airway gas exchange (via these two gases) on the
MIGET predictions, we replaced ether and acetone in the MIGET analysis with two gases of
similar blood solubility but decreased water solubility (toluene for ether and m-DCB for
acetone) and, thereby, theoretically minimized the influence of airway gas exchange on
MIGET. A comparison of the MIGET predictions using ether and acetone versus the two
replacement gases provided a straightforward means for evaluating the effect of airway gas
exchange on the MIGET predictions.

Bronchial blood flow rate—The rate of bronchial blood flow, Q̇br, can influence the
amount of airway gas exchange for a wide spectrum of gases. Experimentally, increases in
bronchial blood flow in excised and whole animal preparations 38,43 produce increases in
soluble gas elimination. Theoretical calculations 1,5,19 align with these experimental
findings. In this study, we alter bronchial blood flow rate within our mathematical model
from zero (Q̇br = 0.01 ml/s) to five-times the normal value (Q̇br = 5 ml/s). Changes in
bronchial blood flow directly change the contribution of airway gas exchange to total
pulmonary gas exchange. We compare the MIGET predictions resulting from different
levels of bronchial blood flow to examine the effect of the bronchial circulation and airway
gas exchange on the MIGET.

A previously published mathematical model of airway and alveolar gas exchange 1 was
modified to include two discrete alveolar compartments. The model simulated the exchange
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of eight soluble gases (six MIGET and two replacement gases) for a range of alveolar
ventilation-perfusion heterogeneity and bronchial blood flow conditions. The model outputs
from each gas were appropriately grouped and analyzed using the MIGET mathematical
model 51. MIGET predictions for each condition and inert gas combination were compared
and contrasted to MIGET predictions from other conditions and inert gas combinations.

Lung Model
A detailed description of the model has been published previously 1. Only the essential
features will be described here. The airway tree has a symmetric bifurcating structure
through 18 Weibel generations. The respiratory bronchioles and alveoli are lumped together
into a single alveolar unit. The dimensions for the upper and lower respiratory tract are taken
from Hanna 21 and Weibel 53, respectively. Axially, the airway tree is divided into 480
control volumes. Radially, the airways are divided into six layers (Figure 1): 1) the airway
lumen, 2) a thin mucous layer, 3) connective tissue layer (epithelium and mucosal tissue), 4)
the bronchial circulation, 5) the adventitial layer, and 6) the pulmonary circulation.
Functionally, the upper respiratory tract and cartilaginous airways (generations < 10) only
have the first four layers. Within a control volume, the surface area for exchange between
radial layers is assumed to be equal for all layers except for the bronchial capillary bed. The
capillary bed has less area for exchange because it is interspersed throughout the wall and
does not form a continuous layer around the airway. In the alveolar unit, the concentration of
soluble gas is allowed to vary with time and depends on the pulmonary blood flow,
ventilation, blood solubility, and concentration of soluble gas in the incoming blood and air
as described by a mass balance on the alveolar compartment.

Within each airway layer, concentration and temperature values are bulk averages for the
entire layer. The air in the lumen is considered a mixture of dry air, water vapor and a single
soluble gas. Mass and energy are transported between control volumes by bulk convection
and axial diffusion through the lumen. Radial transport between the gas phase and mucous
layer is described with heat and mass transfer coefficients that are determined from
empirical correlations 8,25. Near the air-mucus interface, local vapor-liquid equilibrium is
described by Raoult’s law for water and a water-air partition coefficient, λw, for each soluble
gas. The mucous layer is assumed to have the properties of water and can change thickness
depending on local hydration. A minimum mucous layer thickness is maintained by
filtration of water from the bronchial circulation through the connective tissue layer and into
the mucous layer. Transport of water and dissolved soluble gas between these three layers
occurs via filtration and diffusion (Fick’s law). The connective tissue layer and the
adventitial tissue layer are treated as a binary mixture of dilute soluble gas and water. The
diffusivity of a soluble gas through the connective and adventitial tissue is assumed to be
33% of its diffusivity in water 17. For a soluble gas, the tissue solubility is assumed to be
equal to blood solubility. The dimensions of the connective tissue, bronchial circulation and
adventitial tissue compartments (i.e., radial thickness, surface area and cross-sectional area)
are calculated by scaling measurements made in sheep 2 to those of a human 1. The
bronchial circulation is modeled as an axial series of annular sheets of blood interposed
between the connective and adventitial tissue layers. Blood enters the control volume at
body temperature and a systemic concentration of soluble gas, exchanges energy and mass
via filtration and diffusion with the surrounding tissue and leaves the control volume at a
venous temperature and soluble gas concentration. Adjacent to the adventitial tissue layer,
the pulmonary capillary bed is assumed to be at body temperature and the concentration of
soluble gas is assumed to be the average (calculated after each half breath) of the soluble gas
concentration entering and leaving the alveolar unit via the pulmonary circulation. The
concentration of soluble gas in the venous blood entering the pulmonary circulation is
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specified. The systemic concentration of soluble gas is calculated by solving the equation
describing mass accumulation in the alveolar compartment.

We chose a functional residual capacity of 2650 ml and the vital capacity from the Weibel
lung model, 5000 ml. The dimensions of the airway wall compartments were calculated
using data and a method outlined previously 1. The lengths and diameters of the
intraparenchymal airways were scaled to ensure the ratio of the airway volume to the vital
capacity was constant and to represent the lung at functional residual capacity.

Mass and energy balances around each control volume produce three partial- and nine
ordinary-differential equations in time and space. The equations are solved simultaneously
for the following twelve dependent variables: the mole fraction of soluble gas in the air,
mucous, connective tissue, bronchial bed, and adventitial tissue layers; the temperature of
the air, mucous, connective tissue, bronchial bed, and adventitial tissue layers; the mole
fraction of water in the air; and the mucous thickness. The twelve differential equations are
solved numerically using previously published boundary conditions 1. The spatial
dimensions are solved by upwind finite difference while the time derivatives are handled
using LSODE, an integrating software package developed by Hindmarsh 22. The mass
balance around the alveolar compartment is integrated separately from the airway control
volumes using LSODE. On inhalation, outputs from the airway model are inputs to the
alveolar model and vice versa for exhalation.

Inclusion of alveolar heterogeneity
Originally, the model described a single path from the mouth to the alveoli. To investigate
the impact of airway gas exchange on measurements of alveolar gas exchange heterogeneity,
a second airway path, geometrically identical to the first, was added at a prescribed
generation number, ns, to account for ventilation heterogeneity. Ventilation heterogeneity
for all airway generations greater than ns was introduced with a single change at generation
ns. Airflow leaving generation ns was split asymmetrically between the daughters. Daughter
A received the majority of airflow with the remainder of the airflow entering daughter B.
Airflow leaving all other generations (n≠ns) in both paths was split evenly between
daughters. Thus at a given airway generation where n>ns, airways descending from
Daughter A were ventilated at larger rates than those airways descending from Daughter B.
Essentially, this asymmetry in ventilation produced two paths (A and B) beginning at
generation ns and ending with two unique alveoli. Path A (from daughter A) received the
majority of the ventilation and terminated into an alveolar unit that was ventilated at a larger
rate than the alveolar unit at the terminus of path B. While ns=9 was chosen for this study,
greater (lesser) ns values would cause a smaller (larger) affect of airway gas exchange on
MIGET. Specifying the fraction of pulmonary blood flow to each alveolus set the
ventilation-perfusion ratios for alveolus A and B.

Computer Simulations
Before a tidal breath is simulated for each soluble gas, the model first must reach breath-to-
breath steady-state conditions. The temperature, water concentrations, and soluble gas
concentrations within the mathematical model were brought to steady-state conditions by
simulating tidal breathing at functional residual capacity. A respiratory rate of 12 br/min, a
sinusoidal flow waveform, and a tidal volume of 500 ml were used. The inspired air
temperature and relative humidity was set at 23 °C and 50 %, respectively. Steady-state
conditions were reached when the end-exhaled temperature and soluble gas concentration
changed by less than 0.1% between breaths. Then, the model simulated a single tidal breath
for each soluble gas.
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Tidal breathing conditions—The excretion of the six MIGET gases, SF6, ethane,
cyclopropane, halothane, ether, and acetone, and the two additional highly blood-soluble
gases, toluene and m-dichlorobenzene (m-DCB), were simulated during tidal breathing. The
blood-air and water-air partition coefficients for each gas are listed in Table 1. For each gas,
the model simulated twelve conditions where each condition partitioned ventilation and
pulmonary blood flow differently between the two paths and two alveoli as listed in Table 2.
Each condition was repeated four times to study the effect of bronchial blood flows: 0.01, 1,
3, and 5 ml/s. Forty-eight simulations (12 V̇A/Q̇ conditions x 4 Q̇br) were performed for each
soluble gas under breath-to-breath steady-state conditions.

Ventilation and perfusion distributions—For each of the 48 simulations, an excretion,
E=PE/Pv where PE and Pv are the mixed exhaled and mixed venous partial pressure, and a
retention, R=Pa/Pv where Pa is the mixed arterial partial pressure, were calculated for each
of the eight gases. The MIGET algorithm requires six gases of different blood solubility to
predict distributions of ventilation and perfusion. The eight gases were divided into two
groups: 1) standard MIGET gases - SF6, ethane, cyclopropane, halothane, ether, and
acetone; and 2) modified MIGET gases - SF6, ethane, cyclopropane, halothane, toluene, and
m-dichlorobenzene. Excretions and retentions from each group of six gases for a given
condition (V̇A/Q̇ and Q ̇br) were analyzed using the MIGET model 51 to recover distributions
of alveolar ventilation and pulmonary perfusion as a function of V̇A/Q̇. Within the MIGET
algorithm, the relative weighting among gases of differing blood solubilities was unchanged
for all simulations. Because they are commonly used to estimate alveolar gas exchange
efficiency 34,55, the first two moments of both distributions, dead space fraction, and two
dispersion indices (DISPR-E and (a-A)D-AREA) were the MIGET outputs examined here.

RESULTS
The solution of the mathematical model yields axial profiles of partial pressure within the
airway lumen and airway wall layers for any desired time during inspiration and expiration.
From these axial profiles of soluble gas partial pressure, the flow of soluble gas (mol/s) from
the airway wall to the airway lumen for a given axial position (e.g. the trachea) and time
interval can be calculated. For a given portion of the airway tree such as an airway
generation, these flows of soluble gas can be summed together over all time points
throughout an inspiration and/or expiration. Figure 2A and 2B display the axial distribution
of soluble gas flows for acetone and m-DCB, respectively, over a single inspiration and
exhalation under homogeneous ventilation and perfusion (Condition 1 from Table 2).
Acetone exchange between the airspace and mucus occurs throughout many airway
generations with maximum flow (i.e., exchange) occuring at generation 12 that is similar in
magnitude to flows in all other generations. In contrast, m-DCB exchanges predominately in
the alveoli. The exchange of m-DCB summed over inspiration and exhalation is an order of
magnitude larger in the alveoli than in any other airway generation. A similar shift in the
axial distribution of gas flows was seen for toluene relative to ether. These shifts in location
of gas exchange are a consequence of the disparity between λw for these particular gases that
have similar λb (Table 1).

Retention and excretion values for the standard and modified MIGET gases, exchanging
under condition 4 ((V̇A/Q̇)A = 2 and (V̇A/Q̇)B =0.5), and Q̇br= 1 ml/s, are shown in Figure 3.
While no difference exists between the retention values of the two sets of gases, the
excretion values for ether and acetone are less than their replacements, toluene and m-DCB.
The former gases have reduced values because of airway gas exchange. During inhalation,
the airstream absorbs these gases from the airway mucus, and during exhalation, soluble gas
in the airstream deposits on the airway wall to replenish gas lost on inhalation. Because of
their low λw, toluene and m-DCB exchange only minimally in the airways, minimally
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exhibit this absorption-desorption behavior with the airway wall, and as a result have
relatively large excretion values as predicted by the Farhi kernal 14. The predicted excretion
for acetone, EAcetone, is less than the excretion for ether, EEther, for the conditions presented
in Figure 3 because acetone exchanges completely in the airways while the exchange of
ether is split evenly between the airways and alveoli 1. EAcetone is insensitive to changes in
V ̇A/Q̇ (ΔE/Δ(V̇A/Q̇)A = 0.001), depends predominately on Q̇br (ΔE/ΔQ̇br = 0.017), and
varies between 0.41 and 0.51 for the range studied. EEther is primarily affected by V̇A/Q̇
(ΔE/Δ( V̇A/Q̇)A = −0.011), is minimally affected by Q̇br (ΔE/ΔQ̇br = 0.005), and found to
vary from 0.57 to 0.47 over the conditions studied. In contrast, Em-DCB is unaffected by V̇A/
Q ̇ or Q ̇br (ΔE/Δ(V̇A/Q̇)A = −0.001 and ΔE/ΔQ̇br = 0.002), and changes only 1% among all
conditions studied. EToluene depends strongly on V̇A/Q̇(ΔE/Δ(V̇A/Q̇)A = −0.026), is
unaffected by Q̇br (ΔE/ΔQ̇br = 0.002), and varies between 0.62 and 0.42 in this study.

The excretions and retentions predicted by the airway-alveolar gas exchange model for both
the standard MIGET gases and the modified MIGET gases were analyzed using the MIGET
model 51. For all conditions studied, the MIGET algorithm predicted the excretion and
retention data of the modified gases better (e.g., an average improvement of 48% for
condition 1 and 20% for condition 10 as calculated by a sum of squared errors) than that of
the standard gases. Comparing the two sets of gases, the MIGET predicted retention curves
were the same, but the excretion curves diverged for λ b>5. The divergence in the MIGET
predictions was caused by the differences in the excretion values of the highly soluble gases
(Fig. 3).

The MIGET predicted ventilation and perfusion distributions for both sets of gases were
compared to the imposed distributions and to each other. For the high V̇A/Q̇ mode (V̇A/Q̇ >
1) of the ventilation or perfusion distribution, the V̇A/Q̇ unit receiving the largest portion of
ventilation or perfusion, as predicted by MIGET, was determined and listed in Table 3 with
the imposed (V̇A/Q̇)A for each condition where Q ̇br = 1 ml/s. For the ventilation distribution,
MIGET predicted a larger (V̇A/Q̇)A for the modified gases than the standard gases at each
condition. The MIGET predictions were closer to the imposed (V̇A/Q̇)A when using the
modified gases as measured by a sum of squared error. Likewise for the perfusion
distribution, MIGET predictions for (V̇A/Q̇)A were larger when using the modified gases as
compared to the standard gases and were closer to the imposed (V̇A/Q̇)A when using the
modified gases. For the low V̇A/Q̇ mode (V̇A/Q̇ < 1), the MIGET predicted V̇A/Q̇ unit
receiving the largest amount of ventilation or perfusion were equivalent for both sets of
gases for most of the 12 conditions where Q ̇br = 1 ml/s and differed by one V̇A/Q̇ unit when
the prediction differed. For this low mode, MIGET always under predicted the imposed V̇A/
Q ̇ but better predicted the low mode V̇A/Q̇ when using the modified MIGET gases.

A graphical depiction of the MIGET predicted ventilation and perfusion distribution is
shown in Figure 4 for conditions 4 (panel a) and 7 (panel b) and Q ̇br = 1 ml/s. For condition
4, V ̇A and Q ̇ distributions are unimodal for the standard MIGET gases but bimodal for the
modified MIGET gases. For the modified MIGET gases, the second mode seen at high V̇A/
Q ̇ values represents the alveolar compartment, (V̇A/Q̇)A = 2, modeled by the airway-alveolar
gas exchange model. When compared to the unimodal perfusion distribution for the standard
MIGET gases, the distribution for the modified MIGET gases has a smaller (height and
width) low V ̇A/Q̇ mode and a high V̇A/Q̇ not seen with the standard gases. Thus, the MIGET
algorithm interpreted the differences in the excretion and retention data between the two sets
of gases as a shift in blood flow from the low V̇A/Q̇ unit to a high V̇A/Q̇ unit. A comparison
of the ventilation distributions showed that the modified MIGET gases have a high V̇A/Q̇
mode which is not present in the ventilation distribution of the standard MIGET gases. In
order to predict a high V̇A/Q̇ mode for the modified MIGET gases, the MIGET algorithm
reduced the predicted amount of dead-space ventilation between the two sets of gases (Fig.
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5a) by 22 %. For condition 7 (Fig. 4b), the V̇A and Q ̇ distributions are bimodal for both sets
of gases. While the low V̇A/Q̇ mode for each distribution is the same for both sets of gases,
the high V̇A/Q̇ mode for both V̇A and Q ̇ distributions are shifted to the right, broader, and
shorter for the modified MIGET gases as compared to the corresponding distributions using
the standard MIGET gases. Additionally, the high V̇A/Q̇ mode of the ventilation distribution
for the modified gases was enhance by a 27% reduction in predicted dead space ventilation
for the modified gases as compared to the standard gases. Typically, the mean and standard
deviation of each distribution are reported as summary statistics. Using the modified MIGET
gases, the mean and log standard deviation for both the V̇A and Q ̇ distributions are greater
than those statistics using the standard MIGET gases. These changes are greater for the V̇A
distribution than for the Q̇ distribution because most of the mass of the V̇A distribution
resides in the high V̇A/Q̇ mode, which is more sensitive to changes in the highly soluble
inert gases.

The MIGET algorithm analyzed the retention and excretion values generated by the airway-
alveolar gas exchange model for each combined V̇A/Q̇ and Q ̇br condition. This analysis
yielded ventilation and perfusion distributions versus V̇A/Q̇ which were subsequently
distilled into summary statistics such as dead space fraction and log standard deviation of
the perfusion distribution (log SDQ). We plotted some of these distribution statistics for the
modified MIGET gases against those for the standard MIGET gases (Fig. 5A–D). MIGET
predicted a smaller dead space fraction (Fig. 5A) using the modified gases given the same
Q ̇br (different symbols) and V̇A/Q̇ condition (numerically labeled per Table 2). This smaller
MIGET calculated dead space for the modified MIGET gases is because toluene and m-
DCB have little airway interaction which leads to greater excrections and, thus, reduces the
“dead space effect” present with the standard MIGET gases (dead space fraction =1-E).
Dead space fraction is more sensitive to changes in Q̇br when calculated using the standard
MIGET gases than when calculated using the modified MIGET gases. In Figure 5, data
labels indicate V̇A/Q̇ conditions (Table 2) and arrows point towards increasing V̇A/Q̇
heterogeneity. The mean V̇A/Q̇ of the perfusion distribution (not shown) is relatively
unaffected by MIGET gas selection or bronchial blood flow. A small increase (~5%) in the
mean V̇A/Q̇ of the perfusion distribution is predicted for (V̇A/Q̇)A < 2 conditions when the
standard gases are replaced by the modified gases. Log SDQ (Fig. 5B) is independent of the
set of MIGET gases except for intermediate V̇A/Q̇ heterogeneity. When using the standard
MIGET gases, log SDQ calculated from these intermediate V̇A/Q̇ conditions are affected by
changes in bronchial blood flow. The mean V̇A/Q̇ of the ventilation distribution (Fig. 5C) is
greater for the modified gases than the standard gases and is sensitive to Q̇br when using the
standard gases. Figure 5D shows that the log standard deviation of the ventilation
distribution (log SDV) is substantially greater for the modified gases, particularly at
intermediate V̇A/Q̇ conditions, and sensitive to Q̇br when using the standard gases.

In addition to the distribution statistics, investigators have described additional statistics that
are derived directly from the retention and excretion data rather than the calculated
ventilation and perfusion distributions. One measure, (a-A)D-AREA, quantifies the area
under the curve of the arterial-alveolar partial pressure difference versus the solubility of
each gas 24. An increase in the area under this (a-A)D curve indicates an increase in V̇A/Q̇
heterogeneity. Another measure, the dispersion (DISPR-E), calculates the root mean square
value of the retention minus excretion values over the six gases and can be conceptualized as
an average arterial-alveolar difference for the inert gases 16. While both (a-A)D-AREA and
DISPR-E can be further defined to describe only the retention or excretion data, we only
present the broad index here because the finer indices follow the same general trend. Figure
6A and 6B show that (a-A)D-AREA and DISPR-E for the modified MIGET gases are greater
than those values calculated using the standard MIGET gases. These results indicate that the
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modified MIGET gases recover a larger measure of V̇A/Q̇ heterogeneity that that calculated
using the standard MIGET gases.

DISCUSSION
When the MIGET was developed and appropriate tracer gases were selected, the idea of
airway gas exchange was novel and only a few studies had described or examined this
phenomenon 6,11. The notion that both blood and water solubility affected the location of
gas exchange was not recognized. Research in the 1980s and 1990s, using human
experiments and mathematical models, demonstrated that highly blood-soluble gases like
acetone, ethanol, and acetic acid exchanged in the airways 18,39,40,44,56. Some studies
investigating the washin-washout of gases indicated that water solubility was
important 26,40. However, the cumulative effects of both blood solubility and water
solubility on gas exchange efficiency were not addressed until Twedt 45. Twedt examined
the differential effects of blood and water solubility on pulmonary gas exchange and these
insights provided the basis for this study.

Using our current understanding of pulmonary gas exchange, MIGET gases can be selected
that have physical characteristics which fulfill the MIGET criteria and minimize airway gas
exchange. From our recent investigations, gases that are highly soluble in both blood and
water (λw=λb>100 like acetone) exchange primarily in the airways (Fig 2A). The
mechanism of this exchange has been described for elimination of soluble gases from the
body 1,3,4,18,23. Fresh inhaled air absorbs inert gas from the airway mucus, depletes the
concentration of soluble gas in the mucous layer, and becomes fully saturated with highly
soluble gas before reaching the alveoli. Because of the small bronchial blood flow and
significant tissue barrier between this circulation and mucous layer, the airway wall and
mucus are not replenished with soluble gas before exhalation begins. On exhalation, respired
air encounters a lower concentration of soluble gas in the mucus. Therefore, a large driving
force for the deposition of soluble gas onto the mucus promotes the recovery of soluble gas
by the mucous layer, decreases the soluble gas concentration in the air, delays the
appearance of soluble gas in the exhaled breath as captured by an expirogram 4,18, and
reduces the mixed-expired gas concentration. This mechanism can be used to explain why
gases that are both highly soluble in blood and water are affected by bronchial blood flow as
seen in Figure 5 for the standard MIGET gases. For these gases, increases in bronchial blood
flow help to replenish the mucous layer with soluble gas which in turn decreases the air-
mucous gradient for deposition of soluble gas during exhalation and leads to a greater
concentration of soluble gas in the exhaled breath.

To eliminate the influence of airway gas exchange on MIGET, we chose to replace acetone
with m-dichlorobenzene (Table 1), a gas with a high blood solubility (λb>100) but low water
solubility (λw≪λb). Because the mucous layer has water-like solubility characteristics, this
layer is much less permeable to this low water soluble gas, the mucous layer acts as a barrier
to the exchange of m-dichlorobenzene between the airway lumen and bronchial circulation,
and airway gas exchange is hindered. As a result, gas exchange is shifted, almost
completely, to the alveoli (Fig 2B). Although ether is less soluble in blood and water than
acetone (Table 1), we replaced it with toluene because our mathematical model predicted
that ether exchanges almost 50% in the airways 1. Toluene was chosen because its low water
solubility inhibited its exchange with the airways, but its blood solubility, which is similar to
ether, enabled it to satisfy the MIGET requirements.

Shunt was not included in these simulations because airway gas exchange was not expected
to affect the MIGET predictions of shunt. In support of this assumption, our results showed
that the mean of the perfusion distribution was relatively unaffected by MIGET gas selection
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and log SDQ was only slightly affected (Fig. 5B). However, airway gas exchange did affect
the ventilation distribution. MIGET partitions total ventilation into two specific categories:
dead space ventilation and ventilation participating in alveolar gas exchange. To determine
dead space ventilation, the MIGET model is fit to the “data” from the excretion simulations
(Fig. 3, thin black and gray lines). The fitting algorithm places larger weights on the
excretions of halothane and ether than it does on the excretion of acetone and produces a
best-fit excretion curve (Fig. 3) by, in a gross sense, varying the partition of ventilation
between dead space and alveolar gas exchange. The best-fit excretion curve provides a
graphical means for calculating dead space fraction. The fraction of dead space ventilation
can be calculated from Figure 3 as simply the difference between the maximum excretion, 1,
and the excretion of a highly blood-soluble gas, λb=1000 24. Thus, the fraction of dead space
ventilation is proportional to 1-E(λb=1000) where E(λb=1000) is the excretion value of a
hypothetical gas (λb=1000) calculated from the MIGET generated best-fit curve of the
excretion data. Because the absorption-desorption mechanism of airway gas exchange
effectively decreases the excretion of ether and acetone which in turn decreases the MIGET
predicted E(λb=1000), a comparison between the standard MIGET gases (which include
ether and acetone) and the modified MIGET gases (which exclude gases that exchange in
the airways) reveals these changes in the partitioning of alveolar and deadspace ventilation.
Compared to the standard MIGET gases, MIGET using the modified MIGET gases predicts
a smaller dead space fraction (Fig. 5A) and a larger mean and log SDVA of the ventilation
distribution (Fig 5C and 5D).

Additionally, MIGET predictions using the standard gases are affected by increases in
bronchial blood flow whereas MIGET predictions using the modified gases are quite
unaffected by Q̇br. The relative effect of airway gas exchange on the standard MIGET gases,
via ether and acetone, can be seen through the effect of bronchial blood flow on the
predicted dead space fractions (Fig 5A) and ventilation distributions (Fig 5C and 5D).
Increases in bronchial blood flow replenish, more quickly, the airway wall with soluble gas
during the breathing cycle and, therefore, reduce the gradient for desorption during
exhalation. Thus, the excretion of ether and acetone is increased and MIGET predictions are
altered by: 1) reducing the predicted dead space fraction; and 2) increasing the amount of
ventilation participating in gas exchange as observed via statistical increases in mean V̇A
and log SDVA.

A comparison of log SDVA predicted from the modified gases to that predicted from the
standard gases (Fig. 5D) reveals a non-linear offset for conditions 4 through 6. This
nonlinearity corresponds to the ability of MIGET to resolve the bimodal distributions (Fig.
4). Using modified gases, the ventilation and perfusion distributions are resolved into two
modes for all conditions 4 and greater ((V̇A/Q̇)A ≥ 2), but using the standard gases, these
distributions are separated into two modes for only conditions 6 and greater ((V̇A/Q̇)A ≥ 3).
For conditions 4 to 6, the log SDVA reflects a bimodal distribution for the modified gases
and a unimodal distribution for the standard gases (Fig. 4), explaining this non-linear
relationship. Similar logic can be used to explain the mild non-linear relationship observed
for log SDQ (Fig 5B). It is important to note that the recovered distributions, not simply the
summary statistics, should be examined when testing this theory with animal experiments.
The recovered ventilation distribution using the modified MIGET gases should be broader
and may have two modes as compared to the thinner, unimodal distribution predicted with
the standard MIGET gases.

It is important to determine which set of gases provides the best estimated ventilation and
perfusion distributions as compared to the imposed distributions. A good representative
condition is shown in Fig. 4B. For the low mode (V̇A/Q̇ =0.25), both sets of gases provide a
good representation of the imposed ventilation and perfusion distribution. However, for the
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high mode (V̇A/Q̇ =4), the modified gases provided a better estimate of the ventilation and
perfusion distribution with the peak of each distribution at a V̇A/Q̇ of 4.82 and 3.22,
respectively. Using the standard gases, these peaks occur at V̇A/Q̇ of 2.63 and 2.15,
respectively. The modified gases always described the high mode better than the standard
gases. In addition, mean and log SD estimated from the MIGET in our conditions 1–6 were
within the range of experimental measurements in humans 15,35,49,55.

The main limitations of the airway-alveolar gas exchange model have been discussed
previously and include, the diffusing capacity of the airways, the airway wall dimensions,
airway transfer coefficients, and bronchial circulation model 1,4. In addition to these
limitations, the model does not account for anatomic heterogeneity that could have a
secondary impact on gas exchange heterogeneity. The model has a symmetrically
bifurcating structure with uniform airway diameters and lengths across each airway
generation. This structure results in a series of geometrically uniform path lengths to each
alveoli and uniform radial airway structure across an airway generation. Additionally, the
model does not account for sequential emptying (i.e., temporal gas exchange heterogeneity)
which may impact the magnitude of airway gas exchange during exhalation. While these
limitations could affect the results presented here, their effects should be minor relative to
the primary factors driving gas exchange heterogeneity (ventilation and perfusion
heterogeneity in both the airways and the alveoli), which were captured by the pulmonary
gas exchange model.

We hypothesized that two of the standard MIGET gases, ether and acetone, interacted with
the airways and this interaction affected MIGET predictions of alveolar gas exchange. To
reduce the impact of airway gas exchange, we substituted toluene and m-dichlorobenzene
for ether and acetone, respectively, because toluene and m-dichlorobenzene have low water
solubilities (i.e., they have minimal interaction with the airways) and have similar blood
solubilities to those of the replaced gases. However, toluene and m-dichlorobenzene are not
special in their blood solubility characteristics and other gases could have fulfilled those
criteria of low water solubility and high blood solubility. In place of ether, we could have
chosen tetrachloroethylene (λb=12.3, λw=0.72), ethylbenzene (λb=28.2, λw=1.78), or any
isomer of xylene (λb~35, λw~2) 30. However, we found only two adequate replacements for
acetone: m-dichlorobenzene or o-dichlorobenzene (λb=423, λw=9.00) 30. While the exact
choice of gases is unimportant for this theoretical study, experimentally replicating this
study may require use of a different replacement gas because of multiple factors: detection
limitations of the gas chromatograph; in vivo interactions between the set of inert gases; gas
interaction during sample analysis; rate of metabolism; or toxicity.

In addition to measurement of exhaled gases for the MIGET technique, measurement of the
exhaled breath is becoming more commonplace. An increase in social and medical
awareness has promoted breath tests for assessing legal compliance (e.g., alcohol breath
test), detecting the amount of exposure to environmental and occupational toxicants (e.g.,
toluene, ozone), and measuring endogenous markers of systemic and pulmonary disease
(e.g., isoprene, acetone, nitric oxide) 27,29. The increase in the prevalence of breath tests has
been enabled by the relative non-invasive nature of the test and the advent of parts-per-
billion sensitive and fast responding measurement devices such as the SIFT mass
spectrometer 42. As a result, the design of appropriate breath tests will be required for each
gas of interest and testing scenario. In addition to the traditional factors such as endpoint,
gas properties, subject characteristics, and homogeneity of ventilation and perfusion, the
effects of blood and water solubility, as described in this manuscript, should be given the
same weight as the more traditional factors.
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In summary, we have used a mathematical model describing airway and alveolar gas
exchange to explore the effects of airway gas exchange on the MIGET predictions of
alveolar gas exchange efficiency. For this study, an airway-alveolar gas exchange model
calculated the excretions and retentions of the six MIGET gases and two additional gases,
toluene and m-dichlorobenzene, under varying levels of alveolar ventilation-perfusion
heterogeneity and bronchial blood flows. These two additional gases had similar blood
solubility as ether and acetone, respectively, but much lower water solubility, which
minimized their airway exchange. The MIGET mathematical model analyzed the excretion
and retention data from two groupings of these eight gases and more accurately predicted
the excretion and retention data from the modified MIGET gases. The results from the
standard MIGET gases, which included ether and acetone, were compared to those from the
modified MIGET gases, which included toluene and m-dichlorobenzene. Only the standard
gases were affected by bronchial blood flow, a significant factor in airway gas exchange. In
addition, the following differences were observed.

Relative excretions
The excretions of toluene and m-DCB were larger than ether and acetone, respectively, and
the difference between Em-DCB and EAcetone was greater than that between EToluene and
EEther (Fig. 3). The modified MIGET gases have relatively larger excretions because the
concentration of these species is unaffected during the transport from the alveoli to the
mouth whereas the concentration of ether and acetone decreases during delivery to the
mouth via desorption in the airways.

Ventilation distribution
The ventilation distributions recovered by MIGET using the modified gases as compared to
the standard gases more closely resembled the imposed distribution, were broader (larger log
SDVA, Fig. 5D), were bimodal instead of unimodal with the second mode representing units
with V̇A/Q̇ >1 (Fig. 4), and had a greater mean of the ventilation distribution (Fig. 5C).

Dead space
The inert gas dead space was smaller when using the modified gases as compared to the
standard gases because MIGET calculated dead space is proportional to 1-Emax where Emax
is the excretion for a gas with λb~1000 predicted from the best-fit of the MIGET model
through the experimental excretions. Emax predicted using the modified MIGET gases is
greater than that using the standard MIGET gases.

Arterial-Alveolar inert gas difference
Statistics that summarize the arterial-alveolar difference for the inert gases such as (a-A)D-
AREA and DISPR-E were larger for the modified gases as compared to the standard gases
(Fig. 6). This trend held for subtypes of these statistics that only examine the excretion or
retention data. The modified MIGET gases recover a larger measure of V̇A/Q̇ heterogeneity
than that calculated using the standard MIGET gases.
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Fig. 1.
Model control volume. The source of soluble gas for this diagram is the blood (pulmonary
venous and bronchial arterial). Blood enters the bronchial bed compartment with a partial
pressure, Pa. Soluble gas is transported by secretion and diffusion across a series of annular
layers before entering the passing airstream. The ratio of gas solubility between the mucus
and air layers is specified by a water-air partition coefficient, λw. The thickness of the mucus
(Lm), connective tissue (Lt), and adventitial layer (Lad) are calculated from data in the
literature.
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Fig. 2.
The axial distribution of acetone (panel A) and m-dichlorobenzene, m-DCB, (panel B). Gas
flows between the airstream and mucus during inspiration (black columns) and exhalation
(gray columns) for a tidal breath performed under matched ventilation and perfusion
(condition 1). Positive (negative) flows denote transport into the airstream (mucus) from the
mucus (airstream). m-DCB has a similar blood solubility but 20-fold smaller water solubility
than acetone and is the reason that m-DCB exchanges predominately in the alveoli while
acetone exchanges almost completely in the airways. Each flow has been normalized by the
total inspiratory soluble gas flow.
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Fig. 3.
Retention (solid symbols) and excretion (open symbols) values for the standard (circles) and
modified (diamonds) MIGET gases for condition 4 (Table 1) and Q̇br = 1 ml/s are shown
with MIGET predicted retention (thick) and excretion (thin) curves. For both sets of gases,
the MIGET predicted retention curves are the same but the predicted excretion curve for the
modified gases (gray line) asymptotes to a greater value because toluene and m-DCB have
greater excretions than ether and acetone, respectively.

Anderson and Hlastala Page 18

Ann Biomed Eng. Author manuscript; available in PMC 2011 August 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
MIGET predicted ventilation (black) and perfusion (gray) distributions for the modified
gases (dashed) are broader than and shifted to the right of the standard gases (solid). These
differences increase (more for ventilation than perfusion) as V̇A/Q̇ heterogeneity increases
from condition 4 (panel A) to 7 (panel B) with Q̇br = 1 ml/s.
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Fig. 5.
V ̇A and Q ̇ distribution statistics for the modified MIGET gases versus those for the standard
MIGET gases. MIGET predicts a smaller dead space fraction (panel A) using the modified
gases given the same Q̇br (different symbols) and V̇A/Q̇ condition (numerically labeled per
Table 2). Dead space fraction calculated using the standard MIGET gases is sensitive to
changes in Q̇br. Data labels correspond to conditions (Table 2) and arrows point towards
increasing V̇A/Q̇ heterogeneity. Log SDQ (panel B) is independent of the set of MIGET
gases except for conditions of intermediate V̇A/Q̇ heterogeneity. The mean V̇A/Q̇ of the
ventilation distribution (panel C) is greater for the modified gases than the standard gases
and is sensitive to Q̇br when using the standard gases. Log SDV (panel D) is substantially
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greater for the modified gases, particularly for conditions of intermediate V̇A/Q̇
heterogeneity, and sensitive to Q̇br when using the standard gases.

Anderson and Hlastala Page 22

Ann Biomed Eng. Author manuscript; available in PMC 2011 August 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 6.
Statistics calculated from the retention and excretion data. MIGET using modified MIGET
gases predicts a greater area under the curve of arterial-alveolar difference, (a-A)D-AREA,
(panel A) and a greater dispersion between measured retentions and excretions, DISPR-E,
(panel B). The modified MIGET gases recover a larger measure of V̇A/Q̇ heterogeneity.
Data labels correspond to conditions (Table 2) and arrows point towards increasing V̇A/Q̇
heterogeneity.
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Table 1

Literature values for blood-air and water-air partition coefficients of the six MIGET gases and two additional
gases (bold) at 37 °C. Both the standard MIGET gases and modified MIGET gases include the first four gases
listed.

Solvent λb λw

SF6 0.00084E 0.0047F

Ethane 0.088E 0.036F

Cyclopropane 0.36B 0.23F

Halothane 2.4B 0.7B

Ether 15.2A 16A

Toluene 15.6C 2.2C

Acetone 341E 279E

m-Dichlorobenzene 201D 5.5D

A
Eger and Larson 13

B
Lowe and Hagler 28

C
Sato and Nakajima 36

D
Sato and Nakajima 37

E
Wagner et al. 50

F
Wilhelm et al. 54
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