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Baumgardner, James E., In-Cheol Choi, Anton Vonk-
Noordegraaf, H. Frederick Frasch, Gordon R. Neufeld,
and Bryan E. Marshall. Sequential V̇A/Q̇ distributions in
the normal rabbit by micropore membrane inlet mass spec-
trometry. J Appl Physiol 89: 1699–1708, 2000.—We devel-
oped micropore membrane inlet mass spectrometer
(MMIMS) probes to rapidly measure inert-gas partial pres-
sures in small blood samples. The mass spectrometer output
was linearly related to inert-gas partial pressure (r2 of 0.996–
1.000) and was nearly independent of large variations in
inert-gas solubility in liquid samples. We infused six inert
gases into five pentobarbital-anesthetized New Zealand rab-
bits and used the MMIMS system to measure inert-gas
partial pressures in systemic and pulmonary arterial blood
and in mixed expired gas samples. The retention and excre-
tion data were transformed into distributions of ventilation-
to-perfusion ratios (V̇A/Q̇) with the use of linear regression
techniques. Distributions of V̇A/Q̇ were unimodal and broad,
consistent with prior reports in the normal rabbit. Total
blood sample volume for each V̇A/Q̇ distribution was 4 ml,
and analysis time was 8 min. MMIMS provides a convenient
method to perform the multiple inert-gas elimination tech-
nique rapidly and with small blood sample volumes.

inert gases; multiple inert-gas elimination technique; solu-
bility; stirring effect

THE DEVELOPMENT OF THE MULTIPLE inert-gas elimination
technique (MIGET) by Wagner and coworkers in 1974
was a major advance in the study of pulmonary gas
exchange (15, 36, 39). In MIGET, data on the retention
[systemic arterial inert-gas partial pressure divided by
mixed venous inert-gas partial pressure (Pv# )] and ex-
cretion (mixed expired inert-gas partial pressure di-
vided by Pv# ) of six infused inert gases are transformed
into a distribution of ventilation-to-perfusion ratios
(V̇A/Q̇) in the lung (36, 38, 40). MIGET has been used to
study the mechanisms of impaired gas exchange in
several diseases and animal models of disease, includ-
ing pneumonia (11, 35), asthma (19, 29), chronic ob-
structive pulmonary disease (2, 7, 26), atelectasis (33,
34), and acute respiratory distress syndrome (6, 44).

Despite its utility in providing unique information
about the mechanisms of pulmonary gas exchange,

MIGET has been applied by only a few research labo-
ratories around the world (2, 7, 10, 11, 17, 26–28, 30,
33, 36, 43). In traditional MIGET, the inert-gas partial
pressures in the blood samples are measured by gas
chromatography (GC), which requires a time-consum-
ing extraction of the inert gas into a gas phase before
the GC analysis. The substantial analysis time (;3 h
for each measurement of the 6 retention and excretion
ratios) and the technical complexity of measuring in-
ert-gas partial pressures in blood samples by GC have
limited the use of MIGET in research applications and
in the real-time clinical care of critically ill patients.
For highest accuracy and reproducibility of the inert-
gas extraction, traditional MIGET by GC also requires
;20 ml of blood sample for a single V̇A/Q̇ determina-
tion, which has limited the applications of MIGET in
pediatric medicine and in research studies in small
animal models.

Membrane inlet mass spectrometry (MIMS) offers
an alternative method for the analysis of inert-gas
partial pressures in blood samples. In MIMS, a poly-
mer membrane separates an aqueous sample from the
vacuum chamber of the mass spectrometer, and vola-
tile substances dissolved in the aqueous sample diffuse
across the membrane into the vacuum system for mass
spectrometer analysis (3, 18, 41). Prior investigators
have applied MIMS to the measurement of inert-gas
partial pressures in blood samples for six gases suit-
able for MIGET, with promising results (23, 24). A
major limitation of MIMS, however, has been a depen-
dence of the mass spectrometer signal on the inert-gas
solubility in blood samples (23). Dependence of the
signal on solubility can be reduced by the use of very
thick membranes for MIMS, but thick membranes re-
sult in prohibitively slow response times (42). As a
result, no practical ways of utilizing MIMS for MIGET
have been reported.

Micropore membrane inlet mass spectrometry
(MMIMS) provides a unique combination of rapid re-
sponse speed and minimal dependence of the signal on
inert-gas solubility in the aqueous sample (1). In
MMIMS, the membrane is confined to a small pore.
The membrane is thin, resulting in a fast response
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time, but the dependence of the signal on solubility is
minimized by the three-dimensional diffusion profiles
around the pore (1). MMIMS can, therefore, rapidly
and directly measure the partial pressures of inert
gases dissolved in aqueous samples, eliminating the
extraction of inert gases into a gas phase that is re-
quired for GC analysis.

We developed MMIMS probes specifically designed
for the measurement of trace concentrations of inert
gases in small blood samples, and we applied this
MMIMS technique to determine V̇A/Q̇ distributions in
normal rabbits by MIGET.

METHODS

MMIMS. Pores sealed with a polymer membrane were
created in the ends of stainless steel tubing, as previously
described (1). Briefly, 304 stainless steel tubing (1/16 in. OD,
0.040 in. ID), which was sealed on one end with a hemispher-
ical cap weld of constant wall thickness throughout the weld
(MicroGroup, Medway, MA), was mounted on a vacuum sys-
tem. The sealed end of the tubing was filed at an angle of
;30° to the axis of the tubing while the helium leak rate into
the vacuum system was monitored, until a leak was created
large enough to register a helium current in the range of
1.5–14 3 10210 A on a quadrupole mass spectrometer (UTI
100C, see below for details, in Faraday cup mode). Although
the size of the pores for this MMIMS probe was not directly
assessed, the pore diameters for similar probes with larger
helium leak rates have been estimated at 28 mm (1). After an
appropriate helium leak rate was achieved, the pore (or
pores, see Ref. 1) in the flat, filed surface at the tip of the
probe was sealed with silicone adhesive sealant (Permatex
66B, Loctite, Cleveland, OH). Silicone was used in this probe,
instead of the polytetrafluoroethylene vacuum grease used in
prior MMIMS probes (1), to enhance sensitivity, because
silicone polymers can be several hundred times more perme-
able to the inert gases of interest than polytetrafluoroethyl-
ene-based polymers (21). After the silicone had cured for 24 h,
the probe was rotated 90°, and the shaving process was
repeated. The probe was then rotated another 90°, and the
process was repeated once more. The resulting probe had
three flat, filed, pore-containing areas at its tip and, there-
fore, approximately three times as much sensitivity as a
probe with a single filed area.

As in prior MMIMS systems (1), the stainless steel tubing
was mounted on the vacuum system on a bored-through
high-vacuum fitting, so that the tubing extended into the
vacuum system and the tube opening was positioned adja-
cent to the ion source filaments. The total length of tubing
between the probe tip and the ion source was 220 mm. The
ion source and proximal part of the probe tubing were heated
with heating tapes and insulation, with the source kept at
125°C.

The quadrupole mass spectrometer (model 100C, Uthe
Technology International, Sunnyvale, CA) had an open grid,
long path length electron impact ion source operating at 70
eV, a quadrupole filter with an aperture of 10.0 mm diame-
ter, and a copper-beryllium electron multiplier with the volt-
age set at 1,714 V [gain at 28 atomic mass units (amu) of
4.8 3 104]. The all-metal vacuum system was wrapped in
heating tapes and high-temperature insulation and was ex-
tensively baked after atmospheric exposures. Base pressure
was ,1 3 10210 Torr. The vacuum system was evacuated by
a turbomolecular pump (Turbovac 150, Leybold-Heraus, Ex-
port, PA) backed by a rotary vane pump (D8A, Leybold-

Heraus), and the turbomolecular pump was connected to the
vacuum chamber by a right-angle, high-vacuum isolation
valve (model 951–5027, Varian, Lexington, MA). The valve
was completely opened during bakeout and between experi-
ments but was nearly closed during experiments to decrease
the pumping speed and increase sensitivity. Vacuum system
pressure during experiments was 7 3 1028 Torr.

Inert-gas partial pressures in gas and liquid samples. The
six inert gases were chosen to span evenly a large range of
solubility in blood and to minimize spectral overlap during
the mass spectrometer analysis. The six inert gases were
sulfur hexafluoride (SF6; Air Products and Chemicals, Allen-
town, PA), krypton (Kr; BOC Group, Murray Hill, NJ), des-
flurane (DES; Ohmeda, Liberty Corner, NJ), enflurane (ENF;
Ohmeda), diethyl ether (DEE; Fisher Scientific, Fair Lawn,
NJ), and acetone (ACT; EM Science, Cherry Hill, NJ). These
inert gases are nearly identical to the series used by Masten-
brook et al. (24), but with DES substituted for freon-12. All
inert gases were measured by using single-ion monitoring,
with the peak location and switching controlled by a com-
puter and interface (Spectralink, UTI, Sunnyvale, CA) and
custom software (QDot, Kirtland, NM). The amu peaks se-
lected for monitoring each gas were SF6 at 127, Kr at 84, DES
at 101, ENF at 117, DEE at 59, and ACT at 58 amu.

The time response of the system for each gas was assessed
with step changes in inert-gas partial pressures for each gas
individually, in both the gas phase and liquid phase. Absence
of vacuum system memory effects was confirmed by following
the signal after a step decrease in inert-gas partial pressure.

Sensitivity of the mass spectrometer signals to changes in
flow rate over the probe for liquid samples was assessed by
preparing large samples of single inert gases dissolved in
water and manually injecting these samples over the probe
tip, while varying the flow rates from 0.4 to 10 ml/min.

The effects of inert-gas solubility on the mass spectrometer
signal for each inert gas were assessed by comparisons of the
signal for known inert-gas partial pressures in water, blood,
and 20% Intralipid solution (Baxter Healthcare, Deerfield,
IL). For SF6, Kr, and DES, gas from a premixed tank with a
known partial pressure of the inert gas in nitrogen was
equilibrated with 30 ml of the liquid (water, rabbit blood from
a pooled sample, or Intralipid) by adding 20 ml of gas in a
50-ml glass syringe, mixing, expelling the gas, and repeating
the gas exchanges until the mass spectrometer signal for the
liquid did not change with further exchanges. The 30 ml of
liquid were then separated into 2- to 3-ml samples in 5-ml
glass syringes, and the liquid samples were injected over the
MMIMS probe at room temperature and in varied order. For
ENF, DEE, and ACT, the inert “gas” was first diluted as a
liquid into water, then 0.5 ml of the water and inert gas was
added to 30 ml of the test liquid (water, rabbit blood from a
pooled sample, or Intralipid), and 20 ml of air were added to
the test liquid and equilibrated. The resulting inert-gas par-
tial pressure in the test liquid was measured by head-space
gas analysis, with comparison of the head-space gas mass
spectrometer signal to the signal for a known inert-gas par-
tial pressure from a premixed tank. The 30 ml of liquid were
then separated into 2- to 3-ml samples in 5-ml glass syringes,
and the liquid samples were injected over the MMIMS probe
at room temperature and in varied order.

The ratio of mass spectrometer sensitivity for liquid-phase
measurements to the sensitivity for gas-phase measure-
ments was determined for each inert gas by preparing mix-
tures of ;35 ml of air, 15 ml of water, and a single inert gas
in 50-ml glass syringes. The glass syringes were equilibrated
by mechanical rotation in a temperature-controlled oven at
38°C for 1 h, and the gas and liquid phases were rapidly
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separated into 50-ml gastight syringes (Hamilton, Reno, NV)
and 5-ml glass syringes, respectively. The gas samples were
injected over the MMIMS probe at room temperature, and
the water samples were injected over the probe with the
sample temperature maintained at 38°C with water-jacketed
tubing.

Linearity of the mass spectrometer response for the gas
phase was tested in 50-ml gastight syringes by serial dilu-
tions of each inert gas in air. Linearity of the mass spectrom-
eter response for the liquid phase was tested by serial dilu-
tions of each inert gas in degassed water (distilled water that
had been heated to boiling and then sealed in a syringe and
cooled with no exposure to gas). Water samples for the
liquid-phase serial dilutions were analyzed at room temper-
ature.

Spectral overlap was assessed by flowing each single inert
gas diluted in nitrogen over the probe, recording the current
at the monitored peak for that gas, and recording the current
at each of the other five peaks. The ratios of the current at
each of the five peaks to the current at the monitored peak
were used to construct the spectral overlap matrix K, which
was subsequently used in all measurements for mixtures of
the inert gases to convert the six measured currents to the six
inert-gas partial pressures. The spectral overlap correction
equation was

K 3 SP 5 I (1)

where I is the vector of six measured currents at each peak
(in the order of 127, 84, 101, 117, 59, and 58 amu), and SP is
the vector of six products of sensitivity S 3 the inert-gas
partial pressure P (in the order SF6, Kr, DES, ENF, DEE,
and ACT). The spectral overlap matrix used in Eq. 1 was

K 5 *
1.0 0 0 0 0 0
0 1.0 0 0 0 0

0.012 0 1.0 0.104 0 0
0 0 0 1.0 0 0
0 0 0.015 0.014 1.0 0.088
0 0 0 0.002 0.048 1.0

*
Variability in the measurements of inert-gas partial pres-

sures for a mixture of inert gases in blood samples was
assessed in separate experiments in two New Zealand White
rabbits after Institutional Animal Care and Use Committee
approval of the experimental protocol. The rabbits were pre-
pared as described below for the MIGET experiments. In one
rabbit, a standard inert-gas infusate (see below for details)
was infused at 80 ml/h for 2 h, and a 50-ml sample was taken
from the pulmonary artery catheter in a single heparinized
glass syringe. This single pulmonary arterial (PA) sample
was divided into six samples of 2.5 ml in 5-ml glass syringes,
and these blood samples were analyzed with the MMIMS
probe with sample flow rate (1.0 ml/min by manual injection)
and temperature control (water-jacketed tubing to keep the
sample at 38°C at the probe tip) exactly matched to analyze
conditions for the MIGET experiments. A schematic of the
sample handling system and MMIMS inlet is shown in Fig. 1.
Another six samples were taken from the pooled PA sample,
and the measurements were repeated. In the second rabbit,
to assess the effect of inert-gas partial pressure on variability
of the measurement, the standard inert-gas mixture was
infused at 27 ml/h for 1.5 h and then a single 40-ml PA
sample was collected in a single glass syringe and divided
into six samples of 2.5 ml in 5-ml syringes for analysis.

MIGET in normal rabbits. After Institutional Animal Care
and Use Committee approval of the animal protocol, five
female New Zealand White rabbits (3.5–4.3 kg) were anes-

thetized with 25 mg/kg of ketamine im and 5 mg/kg xylazine
im. A 22-gauge catheter was placed in an ear vein, and
normal saline was infused at 80 ml/h. Anesthesia was main-
tained with a continuous infusion of pentobarbital at 12
mg zkg21 zh21 throughout the experiment. Rectal tempera-
ture was measured with a thermocouple probe and regulated
to 38°C with a heating pad and lamp. A 3.5-mm endotracheal
tube was placed via tracheostomy, and ventilation was con-
trolled at a tidal volume of 25–30 ml and rate of 25 breaths/
min (model 667, Harvard Apparatus, South Natick, MA).
Grade 5 purity oxygen and grade 5 purity nitrogen (Air
Products and Chemicals) were mixed to provide an inspired
O2 fraction of 0.75. Pancuronium (0.3 mg) was administered
to facilitate controlled ventilation, and 0.1 mg zkg21 zh21 was
infused continuously throughout the experiment. A 20-gauge
catheter was placed by cutdown in a femoral artery for
continuous blood pressure measurement and arterial blood
sampling. A 4-Fr catheter (angiographic balloon catheter,
Arrow International, Reading, PA) was placed in the right
external jugular vein by cutdown and positioned in the pul-
monary artery with pressure waveform guidance. Airway
pressures and systemic and PA blood pressures were trans-
duced and recorded continuously. In preliminary experi-
ments, analysis of arterial and mixed venous blood and
mixed expired gas with the MMIMS system confirmed that
there were no endogenous or exogenous sources of any inert
gases in the absence of the inert-gas infusate.

A conical mixing chamber was added to the expiratory
limb of the ventilator circuit, and the expiratory limb and
mixing chamber were heated to 40–42°C to avoid water-
vapor deposition and subsequent absorption of the soluble
inert gases. Gas exiting the mixing chamber was shown to be
well mixed by demonstration of no breath-to-breath time
variance in CO2 partial pressure with the use of a respiratory
mass spectrometer (MGA-1100, Perkin-Elmer, Pomona, CA).
Negligible loss of soluble inert gases to absorption in the
expiratory limb was confirmed by use of a mechanical lung
model that provided a constant partial pressure of ACT (394

Fig. 1. Schematic cutaway of the micropore membrane inlet mass
spectrometry (MMIMS) probe tip and the channel of blood flowing
over the membrane-filled pores at the probe tip. Blood (black arrows)
is delivered to the probe in water-jacketed tubing to maintain blood
sample temperature at 38°C. The inert gases (white dotted arrows)
permeate through the membranes in pores at the probe tip and into
the vacuum system (black area) where they diffuse to the mass
spectrometer ion source.
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parts/million ACT) in nitrogen and saturated water vapor at
40°C. When the lung model was mechanically ventilated and
gas samples were taken directly from the lung and from the
mixed expired port distal to the mixing chamber, dead space
calculated from the ACT partial pressures matched known
dead spaces inserted into the mechanical lung model within
3%. The outlet of the mixing chamber was placed under 2.5
cmH2O of positive end expiratory pressure. For each experi-
ment, the minute ventilation was measured directly with a
bell spirometer (Warren Collins, Boston, MA) attached to the
expiratory limb.

The inert-gas infusate was prepared by equilibrating 5%
Kr-95% SF6 with 250 ml of normal saline and then ejecting
the excess gas and adding the rest of the inert “gases” as
liquids: 150 ml DES, 170 ml ENF, 0.5 ml DEE, and 2.7 ml
ACT. After placement of the endotracheal tube and all cath-
eters and confirmation of stable hemodynamics for at least 30
min, the saline infusion was discontinued, and the inert
gases dissolved in saline were infused at 80 ml/h. After 40
min of inert-gas infusion, the first set of systemic arterial,
PA, and mixed expired samples for MIGET were collected
simultaneously. A second set of samples was taken 30 min
later, and a third set was taken 30 min after that. Additional
arterial and PA blood samples (1.0 ml each) were taken with
each set of MIGET samples for blood-gas analysis and mea-
surement of hematocrit.

The blood samples for MIGET (2.0–2.5 ml each for arterial
and PA samples) were collected in heparinized 5-ml glass
syringes and were placed in a 38°C oven until analysis.
Samples were injected manually over the MMIMS probe tip
at 1.0 ml/min within 30 min of collection (Fig. 1). Blood
temperature at the probe tip was maintained at 38°C with
water-jacketed tubing. Mixed expired gas samples (30–35
ml) were collected in 50-ml gastight syringes (Hamilton).
Mixed expired samples were analyzed at room temperature
(21–24°C).

The mixed expired gas sample was analyzed first for each
set of MIGET samples, followed by the arterial sample,
followed by the PA sample. The inert gases were analyzed in
the order SF6, DES, ENF, Kr, DEE, and ACT.

The measurements of ion currents at six different amu
were converted to retention and excretion data. First, vac-
uum system background (negligible for all gases except DEE,
for which background was ;50% of the signal) was sub-
tracted from the measured current at each amu. Next, spec-
tral overlap was corrected for by using Eq. 1, giving a product
of mass spectrometer S 3 P for each inert gas. Retention
(systemic arterial inert-gas partial pressure/Pv# ) was then
calculated from the ratio of arterial and mixed venous SP
products, with the S factoring out. Next, the data for the ratio
of gas-phase sensitivity to liquid-phase sensitivity were used
to convert the SP product for the mixed expired gas measure-
ments to an equivalent SP product for the liquid phase.
Finally, excretion (mixed expired inert-gas partial pressure/
Pv# ) was calculated from the ratio of the mixed expired equiv-
alent SP to the mixed venous SP, again with the S factoring
out.

In a separate set of experiments, partition coefficients for
each of the inert gases in rabbit blood were measured by
using the double-dilution method (38). First, the validity of
the gas extraction/double dilution method by using the
MMIMS system for analysis of gas partial pressures in the
equilibrated gas phase was established by repeated measure-
ments of the inert-gas solubilities in samples of distilled
water. Each of the six inert gases was individually added to
measured volumes of water and equilibrated with a mea-
sured volume of air at 38°C. The gas phase was separated

from the liquid phase, and a second measured volume of air
was equilibrated with the water sample. Initial and final
inert-gas partial pressures in the gas phase were measured
with the MMIMS probe. Forty-milliliter blood samples were
then collected from six female New Zealand White rabbits
(3.7–4.9 kg). The inert-gas solubilities were measured for
each rabbit by the double-dilution method, matching the
technique established for the distilled water experiments,
with the modification that a 5% CO2-air mixture was used for
the equilibration gas.

Retention and excretion data and measured inert-gas sol-
ubilities were transformed into V̇A/Q̇ distributions by using
algorithms derived by Evans and Wagner (9). Input data for
the V̇A/Q̇ transformations included the measured retention
data for each set of samples, the measured excretion data for
each set of samples, measured partition coefficients for the
inert gases in rabbit blood, minute ventilation measured for
each rabbit, cardiac output for each set of samples derived
from the Fick principle for each inert gas, with a weighted
average as described by Wagner and Lopez (37), and weight-
ing factors based on variance estimates for each retention
measurement, as derived from the data on repeated mea-
surements from the pooled PA samples.

RESULTS

Inert-gas partial pressures in gas and liquid sam-
ples. The mass spectrometer signals for SF6, Kr, DES,
and ENF all reached at least 98% of their steady-state
levels within 30 s after a step change for the liquid and
gas samples. The mass spectrometer signals for DEE
and ACT reached 90–95% of their steady-state signal
within 30 s and then, more slowly, reached at least 98%
of their steady-state values within 120 s for the liquid
and gas samples. The slow component of the time
response for DEE and ACT was also present after a
step decrease in gas partial pressure, with complete
return to baseline for all gases within 4 min after
exposure of the probe tip to zero partial pressures of
the inert gases.

Increases in the sample flow above the normal rate of
1.0 ml/min resulted in no detectable change in the
mass spectrometer signal for any gas, up to a sample
flow of 10 ml/min. Decreases in sample flow to 0.4
ml/min resulted in ,9% decrease in signal for all gases.

Figure 2 shows the mass spectrometer signal for
each inert gas dissolved in water, a pooled blood sam-
ple from normal rabbits, and 20% Intralipid solution,
at the same inert-gas partial pressure. The signal for
SF6 in lipid was significantly different from the signals
for water and blood (P 5 0.006 by one-way ANOVA
with Student-Newman-Keuls post hoc testing), with a
ratio for the lipid/water signals of 1.12. The signal for
ENF in lipid was significantly different from the signal
for blood (P 5 0.037 by one-way ANOVA with Student-
Newman-Keuls post hoc testing), with a ratio for lipid/
blood signals of 1.06. No other differences in signals for
water, blood, and lipid were statistically significant.

The ratio of mass spectrometer sensitivity for liquid-
phase measurements to the sensitivity for gas-phase
measurements is shown in Table 1 (means 6 SD). All
inert-gas partial pressures were either approximately
in the range of, or severalfold larger than, typical
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partial pressures for PA samples in the rabbit experi-
ments.

Linearity of mass spectrometer signal vs. gas partial
pressure for measurements in the gas phase is shown
in Fig. 3, where the upper range of gas partial pressure
for each plot exceeds the partial pressures for typical
mixed expired samples in the rabbit experiments. Lin-
earity of mass spectrometer signal vs. gas partial pres-
sure for measurements in the liquid phase is shown in
Fig. 4, where the upper range of signal for each plot
exceeds the mass spectrometer signals for typical
mixed venous samples in the rabbit experiments.

Coefficients of variation (SD/mean) for repeated
measurements of inert-gas partial pressures in pooled
rabbit blood samples are shown in Table 2.

MIGET in normal rabbits. Table 3 presents hemody-
namic and arterial blood-gas data for the rabbit exper-
iments.

The retention and excretion data for all five rabbits
are shown in Fig. 5. The mean values for retention and
excretion for each rabbit are shown in Fig. 6. Each set

of retention and excretion data required 4–5 ml of
blood, and the analysis time for a complete retention
and excretion set was ;8 min.

Solubilities of the inert gases in water at 38°C (ml
gas at 38°C, in standard atm zml water21 zatm21) were
SF6, 0.00378 6 0.00062 (SD); Kr, 0.0509 6 0.0036;
DES, 0.287 6 0.027; ENF, 0.758 6 0.071; DEE, 14.6 6
1.0; and ACT 318 6 35 (n 5 8 measurements). Solu-
bilities of the inert gases in rabbit blood at 38°C (ml gas
at 38°C, in standard atm zml blood21 zatm21) were SF6,
0.00812 6 0.0010 (SD); Kr, 0.0522 6 0.0062; DES,
0.623 6 0.051; ENF, 2.34 6 0.17; DEE, 11.8 6 0.87;
and ACT 309 6 38 (n 5 6 measurements).

The three sequential sets of V̇A/Q̇ distributions for
one of the rabbits are shown in Fig. 7. A summary of
the mean V̇A/Q̇ data for each rabbit is presented in
Table 4. Fourteen of 15 data sets had a residual sum of
squares (RSS) of ,16.8 (30). The first set in rabbit 4
had a RSS of 42.2, likely related to the obvious error in
mixed expired measurement of DEE (Fig. 5), and this

Fig. 2. Independence of mass spectrometer signal from variations in
inert-gas solubility in liquid samples [water, a pooled blood sample
from normal rabbits, and 20% Intralipid solution (lipid)]. For each
gas [sulfur hexafluoride (SF6), krypton (Kr), desflurane (DES), en-
flurane (ENF), diethyl ether (DEE), and acetone (ACT)], the mass
spectrometer signals are normalized to the signal for water. All
inert-gas partial pressures are either approximately in the range of,
or severalfold larger than, typical partial pressures in a pulmonary
arterial sample in the rabbit experiments. Data plotted are means 6
SD for n 5 6 rabbits. Significant difference compared with signals for
*water and blood and #blood, P , 0.05.

Table 1. Ratio of mass spectrometer sensitivities for
liquid-phase and gas-phase measurements

Inert Gas Liquid/Gas Sensitivity

Sulfur hexafluoride 0.24860.013
Krypton 0.53560.007
Desflurane 0.56860.069
Enflurane 0.38260.012
Diethyl ether 0.59260.042
Acetone 0.93360.065

Values are means 6 SD. Liquid/gas, ratio of liquid phase to gas
phase.

Fig. 3. Linearity of MMIMS system for the inert gases in gas phase.
The x-axis shows inert-gas partial pressure in parts/million; y-axis
shows mass spectrometer output current in A 3 1010. Data were
fitted with forced linear regression through the origin.

Fig. 4. Linearity of MMIMS system for the inert gases in liquid
phase. The x-axis shows inert-gas partial pressure in parts/million;
y-axis shows mass spectrometer output current in A 3 1010. Data
were fitted with forced linear regression through the origin.
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set was not included in the mean data of Table 4. All 14
of the 15 V̇A/Q̇ distributions with acceptable RSS were
unimodal.

DISCUSSION

Applications of MIGET have been primarily limited
to research settings in adult humans and large ani-
mals, with very few studies in small animals and no
real-time use in clinical care of patients. Although
MIGET provides detailed and unique information on
pulmonary V̇A/Q̇ distributions and pathophysiology,
the large blood sample volume, long analysis time, and
highly technical labor required for traditional MIGET
by GC have restricted the widespread adoption of the
technique. MIMS has been applied before to MIGET to
overcome some of these limitations, with one descrip-
tion of initially promising results but no further re-
ports of this approach (23).

One problem common to early MIMS systems was
very slow time responses and vacuum system memory
effects for certain analytes. Although not specifically
reported by Mastenbrook et al. (23), the configuration
of their tubing between the membrane and the mass
spectrometer inlet, as well as the variability they re-
ported for their ACT measurements, suggests that this
was a problem for this early MIMS system. Very slow
time responses and vacuum system memory effects are
now understood to be the result of tight adsorption of
certain analytes to the walls of the vacuum system and
subsequent slow release (20). We minimized these ef-
fects by keeping the length of stainless steel tubing
between the membrane and the ion source as short as
possible and by heating the inlet, the vacuum system,
and the connection tubing. The small slow component
of our system’s time response for ACT and DEE, ob-
served with step increases and step decreases in gas
partial pressure, was likely due to these effects. Avoid-
ance of long sections of unheated tubing between the
membrane and the ion source, however, kept these
effects within tolerable limits.

Another important limitation of prior MIMS systems
has been the stirring effect, which refers to the differ-
ence in signal between stagnant liquid and rapidly
flowing liquid (12). Stirring effect is a consequence of

resistance to diffusion in the liquid boundary layer
near the membrane and is a function of the permeabil-
ity (product of diffusivity and solubility) of the inert gas
in the liquid vs. the inert-gas permeability in the mem-
brane. For a MIMS system with significant stirring
effect, the mass spectrometer signal is dependent not
only on the inert-gas partial pressure in the liquid, but
also on the inert-gas solubility and diffusivity in the
liquid sample, as well as the flow field in the vicinity of
the membrane. The MIMS system applied by Masten-
brook et al. had significant stirring effect (4), and these
investigators successfully overcame the resulting flow
dependence by using a reproducible flow field near the
membrane (23). This approach, however, did not elim-
inate the solubility dependence of the mass spectrom-
eter signal.

Stirring effect and its resulting flow dependence and
solubility dependence can be eliminated entirely in
MIMS systems by use of thick membranes, which in-
crease the membrane diffusional resistance relative to
the diffusional resistance of the liquid sample. Thick
membranes, however, lead to unacceptably long time
responses because of the dependence of membrane
time response on the square of membrane thickness
(42).

MMIMS offers a solution to this dilemma. In
MMIMS, confinement of the membrane to a small pore
results in both a rapid time response and minimal
stirring effect. The rapid time response is a conse-
quence of the use of very thin membranes in MMIMS.
The reductions in stirring effect are thought to be the
result of the three-dimensional diffusion profiles in the
liquid near the membrane (1). The inert-gas concentra-
tion profiles in the liquid around a pore that approxi-
mates a point with nearly zero area are expected, on
the basis of symmetry, to be hemispherical, whereas
the concentration profiles within the membrane are
expected to be approximately planar. Consequently,
the area available for diffusion in the membrane
should be much smaller than the area available for

Table 2. Variability of measurements of inert-gas
tensions in rabbit blood samples

Inert Gas PA1 PA2 PA-Low

Sulfur hexafluoride 0.0563 0.0693 0.0834
Krypton 0.0159 0.0446 0.0147
Desflurane 0.0667 0.0678 0.0406
Enflurane 0.0446 0.0401 0.0829
Diethyl ether 0.0549 0.0547 0.0549
Acetone 0.0376 0.0381 0.0552

All values are coefficients of variation (SD/mean) for 6 repeated
measurements of inert-gas tensions in the same blood samples. PA,
pulmonary arterial. One typical pooled mixed venous sample was
analyzed twice (PA1 and PA2). A second pooled mixed venous sample
(PA-Low) had lower inert-gas partial pressures than typically en-
countered in the rabbit experiments.

Table 3. Hemodynamic, arterial blood pH,
and gas tension data

Sample 1 Sample 2 Sample 3

HR, beats/min 232629 257634* 280635*
MAP, mmHg 9163 10366* 11067*
Ppa, mmHg 12.361.3 12.761.0 14.661.6*,†
Ppad, mmHg 8.061.9 8.261.3 9.461.7
PaO2

, Torr 306692 326631 286637
PaCO2

, Torr 29.167.4 28.663.6 25.961.6
pHa 7.3760.04 7.3560.06 7.3460.06
Hct, % 26.064.5 27.164.7 25.264.0

Values are means 6 SD for n 5 5 subjects, measured before each
set of blood samples for multiple inert-gas elimination technique.
HR, heart rate; MAP, mean arterial pressure; Ppa, mean pulmonary
arterial pressure; Ppad, pulmonary arterial diastolic pressure; PaO2

,
arterial oxygen tension; PaCO2

, arterial carbon dioxide tension; pHa,
arterial pH; Hct, hematocrit. *Different from sample 1, P , 0.05
(repeated-measures ANOVA with Student-Newman-Keuls post hoc
testing); †different from sample 2, P , 0.05 (repeated measures
ANOVA with Student-Newman-Keuls post hoc testing).
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diffusion in the liquid, thereby increasing the resis-
tance to diffusion in the membrane vs. the liquid. The
pore size cannot be reduced without limit, because
reductions in membrane area also reduce the sensitiv-
ity of the system (mass spectrometer current/gas par-
tial pressure). The data in Figs. 1–3 and Table 2,
however, suggest that, with a sensitive mass spectrom-
eter, the pore area can be small enough to substantially
reduce stirring effect and still have enough sensitivity
for accurate measurement. In our system, we restored
some sensitivity by the use of multiple pores. For
several micropores functioning independently, it is ex-
pected that sensitivity will increase linearly with the
number of pores, but the system time response and
stirring effect for a population of pores should be ap-
proximately independent of the number of pores.

The insensitivity of the mass spectrometer signal to
changes in sample flow over the probe tip is a conse-

quence of the small stirring effect for the MMIMS
probe. Although our system did have some flow depen-
dence at low flows for some of the gases (most notice-
ably SF6 and ENF), the undetectable changes in signal
with increases in flow to rates .1.0 ml/min indicate
that sample flows of 1.0 ml/min were adequate to
overcome the small amount of stirring effect from the
MMIMS probe.

In addition to insensitivity to sample flow, the small
stirring effect for the MMIMS probe results in insen-
sitivity to variations in inert-gas solubility in the sam-
ple, as shown in Fig. 2. Solubility of inert gases in blood
samples is known to vary from subject to subject, due
primarily to variations in blood protein content and
blood lipid content (22, 38). Therefore, even for a sub-
ject in which the inert-gas solubilities are at the lowest
values in the distribution of solubilities for a popula-
tion of subjects, the inert-gas solubilities in water are
expected to be lower. Similarly, inert-gas solubilities in
20% Intralipid solution are expected to be larger than
any of the highest values in blood encountered in any
individual subject. Even for these extremes in values of
solubility for water and 20% Intralipid, the variations
of mass spectrometer signal with solubility shown in
Fig. 1 are ,12% for SF6, ,6% for ENF, and insignifi-
cant for the other gases.

Although the mass spectrometer signal is minimally
dependent on the gas solubility in the liquid sample,
the signal does depend on whether the sample is gas or
liquid (Table 1). The difference in sensitivity for gas-
phase measurements vs. liquid-phase measurements
may be in part due to temperature dependence of
permeation through the membrane and may be due in
part to swelling effects in the silicone membrane. Mem-
brane temperature for the blood samples is expected to
equal the blood sample temperature at 38°C. The gas
samples, however, are injected at room temperature.
The membrane temperature for the gas samples in our

Fig. 5. Retention (solid symbols) and excre-
tion (open symbols) data in each subject [sub-
jects 1–5 (A–E, respectively)], for the first set
(circles), second set (squares), and third set
(diamonds). Solubilities are Ostwald coeffi-
cients in ml gas at body temperature, stan-
dard atm/ml blood-atm.

Fig. 6. Means of the 3 sets of retention (solid symbols) and excretion
(open symbols) data for subjects 1 (circles), 2 (squares), 3 (triangles),
4 (inverted triangles), and 5 (diamonds).
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present system, determined by the balance between
heat losses to the gas surrounding the probe and heat
conducted along the probe tubing from the heated ion
source, is ;30°C. Membrane temperature affects both
the solubility and the diffusivity of the inert gases in
the membrane (5) and, therefore, is expected to influ-
ence sensitivity. Silicone membranes are also known to
expand slightly when immersed in aqueous samples
(21), a phenomenon known as swelling, and membrane
swelling is known to affect the permeability of polymer
membranes for most gases (21, 25). Further work will
be required to assess the relative contributions of each
of these mechanisms.

The MMIMS system rapidly provides direct mea-
surements of inert-gas partial pressures in small blood
samples, with no extraction into a gas phase, and
minimal dependence on inert-gas solubility in blood. In
this report, we have applied MMIMS to MIGET and

determination of pulmonary V̇A/Q̇ distributions, but
there are other applications in physiology in which
these features could be advantageous, such as the
estimation of tissue blood flow (16) and determinations
of heterogeneity of perfusion-to-volume ratios in tissue
(13).

Any six inert gases can be used for MIGET, provided
that the gas solubilities in blood cover a wide range of
solubilities and are reasonably evenly distributed
within that range of solubilities (40). We used six inert
gases similar to the series reported by Mastenbrook et
al. (23), and the spectral overlap matrix K in Eq. 1
indicates very little overlap, with the largest being the
current at the DES of 101 amu of 10.4% of the ENF
current and the current at the DEE of 59 amu of 8.8%
of the ACT current.

The variability in the MMIMS method shown in
Table 2 is greater than the variability reported for

Fig. 7. The 3 sequential ventilation-to-perfusion ratio (V̇A/Q̇) distributions for the first subject. A–C: sets 1–3,
respectively. F, Q̇; E, V̇A. VD/VT, ratio of dead space volume to tidal volume (expressed as %VT).

Table 4. Summary of V̇A/Q̇ distributions

Subject No.

1 2 3 4 5

Residual sum of squares 4.4063.31 4.2562.08 5.1262.61 3.0561.47 8.0567.25

Flow distribution

CO 366634 3456112 276686 334662 4316126
Shunt 1.661.4 8.660.4 8.263.3 3.060.4 2.761.9
Low V̇A/Q̇ 0.460.7 0.060.0 0.060.0 0.760.9 0.060.0
Normal V̇A/Q̇ 96.262.5 90.461.1 89.561.3 91.963.9 96.662.3
High V̇A/Q̇ 1.861.1 1.061.1 2.362.3 4.463.3 0.761.0
Mean V̇A/Q̇Q̇ 1.1260.27 1.1760.20 1.2160.40 1.4460.23 0.9360.12
Log SDQ̇ 0.9560.14 0.7960.09 0.9060.18 1.1160.25 0.7960.12

Ventilation distribution

V̇E 71560.0 65760.0 60260.0 70660.0 65060.0
Low V̇A/Q̇ 0.060.0 0.060.0 0.060.0 0.060.0 0.060.0
Normal V̇A/Q̇ 71.7613.2 52.168.5 53.6610.1 65.067.8 78.5618.4
High V̇A/Q̇ 16.664.5 10.469.8 19.3618.0 31.2613.1 12.1617.2
Dead space 11.6614.0 30.5624.7 27.1624.2 3.965.4 9.4616.3
Mean V̇A/Q̇V̇ 3.7760.86 3.2661.82 4.9962.95 6.2962.21 3.1462.55
Log SDV̇ 1.3260.31 1.1860.39 1.3560.47 1.3660.17 1.2460.56

Values for each subject are means 6 SD for 3 measurements. V̇A/Q̇, ventilation-to-perfusion ratio. CO is the weighted cardiac output from
the retention/excretion data in ml/min. Shunt, low V̇A/Q̇, normal V̇A/Q̇, and high V̇A/Q̇ for the flow distribution are all given as percentages
of CO. Low V̇A/Q̇ is the range 0 , V̇A/Q̇ # 0.1. Normal V̇A/Q̇ is the range 0.1 , V̇A/Q̇ # 10. High V̇A/Q̇ is the range 10 , V̇A/Q̇ , `. Mean V̇A/Q̇Q̇
is the mean V̇A/Q̇ value for the perfusion distribution. Log SDQ̇ is the second moment of the perfusion distribution. V̇E is minute ventilation
in ml/min. Low V̇A/Q̇, normal V̇A/Q̇, high V̇A/Q̇, and dead space for the ventilation distribution are all given as percentages of V̇E. Mean V̇A/Q̇V̇
is the mean V̇A/Q̇ value for the ventilation distribution. Log SDV̇ is the second moment of the ventilation distribution.
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traditional MIGET by GC analysis. Wagner et al. (38),
for example, reported coefficients of variation for re-
peated measurements of inert-gas partial pressures in
a pooled blood sample of 6% for SF6 and ,3% for the
other inert gases in their MIGET series. It is antici-
pated that the precision of the MMIMS method will
continue to improve with further refinements, partic-
ularly the use of micromachining techniques to sub-
stantially increase the number of pores and more rig-
orous control of the membrane temperature for the
analysis of the mixed expired samples.

The hemodynamic and arterial blood-gas data shown
in Table 3 illustrate the stability of the animal prepa-
ration. The gradual increase in heart rate, mean arte-
rial pressure, and PA pressure over time may have
been a result of progressive sympathetic stimulation
from the continuous infusion of pancuronium (8).
There was no evidence, as indicated by the pulmonary
artery diastolic pressures, of volume overload from the
inert-gas infusate in any rabbit. The stability of the
hematocrit over time suggests that the amount of blood
volume sampled for MIGET in this small animal model
was well tolerated. The blood sample volume for this
MMIMS system was 2 ml/sample or 4 ml per set of
retention and excretion data (2 ml each for the mixed
venous and arterial samples). The amount of inert gas
sampled into the mass spectrometer is a very small
fraction of the inert gases in 2 ml of blood, and it is
possible that future improvements in probe tempera-
ture control, sample flow control, and the precision of
the flow channel at the probe tip in Fig. 1 could lead to
even smaller blood sample volumes in future MMIMS
systems.

The inspired gases were mixed from purified oxygen
and nitrogen to eliminate the trace level Kr that can be
commonly found in oxygen tanks. Although it is possi-
ble to carry out MIGET accurately in the presence of a
stable background of exogenous Kr (30), for this exper-
imental protocol we used purified gases to avoid any
corrections for environmental background.

Because the MMIMS technique measures inert-gas
partial pressures in blood samples with minimal de-
pendence on the inert-gas solubility in blood, the accu-
racy of the retention and excretion data in Figs. 5 and
6 is unaffected by variations in inert-gas solubilities
within and between subjects. Values for solubility are
required, however, for transforming the retention and
excretion data into V̇A/Q̇ distributions. The data in Fig.
7 and Table 4 were calculated by using measurements
of the population means for the inert-gas solubilities in
rabbit blood and do not account for variations in solu-
bilities between individual subjects. The acceptable
RSS in 14 of 15 data sets (30) suggests that this
approach provided reasonable accuracy for recovery of
V̇A/Q̇ distributions in normal rabbits. In general, how-
ever, the RSS in Table 4 are larger than values that
have been reported for the traditional GC approach to
MIGET in experienced hands (14). The relatively large
RSS in our experiments could reflect either the vari-
ability in the partial pressure measurements with

MMIMS or errors in solubility as a result of individual
variations around the population mean.

The small blood sample volume and rapid analysis
time for measurement of inert-gas partial pressures by
MMIMS could be used to the greatest advantage in
studies in which gas exchange and V̇A/Q̇ distributions
are changing rapidly but solubility remains constant
over the course of an experiment. For example, MIGET
by MMIMS could be used in a small-animal model to
measure sequential changes in V̇A/Q̇ distributions in
response to therapeutic interventions, and a large
blood sample volume could be collected at the end of
the experiment for measurement of inert-gas solubili-
ties by established methods (31, 38).

The mean second moment of the perfusion distribu-
tion (log SDQ̇) for the rabbit V̇A/Q̇ distributions was
0.91, comparable to the values of 0.91, 0.85, 0.78, and
0.94 for normal rabbits reported by Lagerstrand and
Hedenstierna (19). These V̇A/Q̇ distributions are broad
compared with anesthetized, ventilated normal dogs
[log SDQ̇ of 0.55 (35), 0.45 (10), and 0.68 (17)] and
normal humans [log SDQ̇ of 0.43 (36)]. Also, the venti-
lation distribution was right-shifted toward high V̇A/Q̇
units with a mean V̇A/Q̇ value for ventilation distribu-
tion (mean V̇A/Q̇V̇) of 3.77, which is also comparable to
the value of 2.65 reported by Lagerstrand and Heden-
stierna (19). These ventilation distributions are sub-
stantially right-shifted compared with anesthetized,
ventilated normal dogs [mean V̇A/Q̇V̇ of 1.03 (17)] and
normal humans [mean V̇A/Q̇V̇ of 1.10 (36)]. The reasons
for comparatively broad V̇A/Q̇ distributions in the rab-
bit are not clear, but a broad V̇A/Q̇ distribution in a
small lung with limited gravitational variation sup-
ports the evidence that factors other than gravity play
a substantial role in V̇A/Q̇ heterogeneity (17). Right-
shifted V̇A/Q̇ distributions have been reported in sheep
when tidal volumes are relatively large, which is
thought to be due to overdistention of parts of the lung
and reductions in blood flow to those regions (30).
Alternatively, high V̇A/Q̇ regions could be a conse-
quence of exchange of the highly soluble gases in the
conducting airways (32).

In summary, the unique combination of rapid re-
sponse time and minimal stirring effect provided by
MMIMS resulted in a system for the rapid, direct
measurement of inert-gas partial pressures in small
blood samples, with minimal dependence on the solu-
bility of the inert gas in blood. The blood-sample vol-
ume for a complete set of retention and excretion data
for MIGET was 4–5 ml, and analysis time for a single
V̇A/Q̇ determination was ;8 min. This new approach
for MIGET has potential to make determinations of
V̇A/Q̇ distributions more widely available in research
applications in small animal models.
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