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The use of the multiple inert gas elimination technique
(MIGET) [1–3] in clinical research has generated a large
amount of information [4, 5] on the physiological abnor-
malities determining arterial oxygen (Pa,O2) and carbon di-
oxide (Pa,CO2) tensions in different conditions. The MIGET
can be particularly useful in unravelling the factors gov-
erning pulmonary gas exchange in mechanically ventilat-
ed patients because, in addition to the determination of the
corresponding ventilation–perfusion (V 'A/Q ') distributions,
it allows the impact of changes in extrapulmonary factors
such as minute ventilation, cardiac output or O2 uptake on
arterial blood gases to be quantified [6–10]. Simultaneous
samples of arterial and mixed venous blood and mixed
expired gases are obtained for inert gas measurements.
Mixed expired gas sampling in the MIGET is usually ob-
tained from a 10-L mixing box (10L-MB), heated above
37°C, to obtain adequate gas mixing while avoiding loss
of soluble gases, such as acetone and ether [5]. In mechan-
ical ventilation, however, the compression volume (Vc), i.e.
the volume diverted to the expiratory line of the ventilator
circuit during a ventilatory cycle [11], generated by the
10L-MB placed in the expiratory side of the ventilator cir-
cuit, could be a major source of error in the estimation of
the effective tidal volume (VT) delivered by the ventilator
to the patient. This problem has markedly limited the com-

parative analysis of the effects of different ventilatory mod-
alities on pulmonary gas exchange (V 'A/Q ' distributions).

It was hypothesized that by decreasing the compliance
of the expiratory side of the ventilator circuit, by a volume
reduction of the mixing expired gas, the Vc could be mini-
mized and the adequate expired gas mixing required by
the MIGET could still be obtained. Accordingly, a new 1-L
mixing box (1L-MB) was designed. The aims of the pre-
sent study were to assess the impact of the 1L-MB, as
compared with the 10L-MB, on the Vc, in mechanically
ventilated patients and using an in vitro model to simulate
different ventilatory conditions. The efficacy of gas mix-
ing was also assessed, along with the effects of the 1L-MB
on arterial respiratory blood gases and the effects of differ-
ent levels of positive end-expiratory pressure (PEEP; 0, 6
and 12 cmH2O) applied with the 1L-MB on both Vc and
Pa,CO2.

Methods

The 1-L mixing box

The new device consists of a hollow, stainless-steel cyl-
inder of approximately 1 L internal volume, heated through-
out its length using an electrical resistance to maintain a
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The effects of the 10L-MB on the Vc were compared with those produced by a
newly designed 1-L mixing box (1L-MB).

At a given peak pressure (Ppeak) within the ventilator circuit, the Vc generated by
the 10L-MB was about six-times higher than that produced by the 1L-MB. At a Ppeak
=50 cmH2O, the Vc were 377 mL (10L-MB) and 67 mL (1L-MB) (p<0.001). In six
patients, the mixed expired partial pressures of the six inert gases simultaneously col-
lected from the two mixing boxes fell on the identity line. V 'A/Q ' distributions recov-
ered using each of the two mixing boxes were equivalent. With the 1L-MB, the effects
of different positive end-expiratory pressure levels (0, 6 and 12 cmH2O) on Vc and
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In conclusion, the new 1-L mixing box provides efficient gas mixing and substan-
tially decreases the compression volume. It is, therefore, recommended when studies
requiring mixed expired gas are performed in ventilated patients.
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constant temperature between 40 and 50°C. Ten discs plac-
ed as indicated in figure 1 are used to baffle the flow of
gas through the cylinder, facilitating the gas mixing. The
res-istance of the box is 0.31 cmH2O·L-1·s-1 at a flow of 1
L·s-1.

Effect of the 1-L and 10-L mixing boxes on the compres-
sion volume

A 1-L rubber bag, connected to a Siemens 900C Servo
Ventilator (Siemens-Elema BA, Solna, Sweden), using reg-
ular tubing (15 mm i.d., 150 cm length; Intertech Re-
sources, Lincolnshire, IL, USA) was used as a surrogate
lung. The characteristics of the circuit are illustrated in
figure 2. The VT provided by the ventilator was measured
with a pneumotachometer placed close to the inspiratory
port of the ventilator and the effective VT was obtained with
a second pneumotachometer placed between the surrogate
lung and the Y-piece of the ventilator circuit. Both pneu-
motachometers (21071B; Hewlett-Packard, Andover,
MA, USA) were accurately calibrated using a rotameter
and periodically checked during the study using a 3-L
syringe. The peak airway pressure (Ppeak) applied by the
ventilator was measured with a pressure transducer
(Model 143PC-03D; Honeywell, Freeport, IL, USA)
placed between the Y-piece of the ventilator circuit and
the second pneu-   motachometer. Flow and pressure were
fed into a 80386 IBM-compatible computer via a 12-bit
analogue-to-digital converter (Data Translation DT2801/
A; Data Translation, Marlboro, MA, USA) at a sampling
rate of 100 Hz using Anadat software (RHT-InfoData,
Montreal, Canada). Tidal volume, respiratory frequency
(fR), inspiratory time (tI) and total cycle duration (ttot)
were calculated over 30-s periods of continuous recording
for each flow signal. Vc was calculated as the difference
between the VT delivered by the ventilator and the VT that
effectively reached the surrogate lung. Measurements, at
an inspiratory oxygen fraction (FI,O2) of 0.21 without
applying PEEP, were taken using the in vitro model (fig. 2)
in three different conditions: 1) with the ventilator circuit

alone; 2) with the 10L-MB inserted in the expiratory limb
of the ventilator circuit; and 3) with the 1L-MB in the cir-
cuit. Because Vc varies according to end-inspiratory air-
way pressure [12], Vc was measured at step increases of
Ppeak from 10–50 cmH2O in each condition. The step
changes in Ppeak were generated by increasing the volume
delivered by the ventilator, with no modifications in either
the fR or in the tI/ttot ratio. Values of Vc obtained with no
mixing box in the ventilator circuit, thus representing the
Vc of the circuit alone, were then subtracted from those
obtained at the same levels of Ppeak with the 10L-MB or
the 1L-MB attached to the circuit.

Effect of the 1-L mixing box on arterial blood gases.

The effects of the 1L-MB on Vc and on arterial blood
gases were assessed in six consecutive patients admitted to
the intensive care unit and requiring mechanical ventilation
(age 70±13 yrs, FI,O2 0.29±0.02). Two patients had pneu-
monia, two had chronic airflow limitation, one had acute
lung injury and one had a brain haemorrhage. Patients were
sedated and paralysed and the baseline ventilatory setting
(without PEEP) was kept constant throughout the study.
Measurements were performed, in random order, before
and 30 min after assembling the 1L-MB in random order.
Pa,O2, Pa,CO2, and pH were measured by a standard elec-
trode technique (IL-1306; Instrumentation Laboratories,
Milan, Italy). Peak airway pressures and Vc were obtained
following the procedure described above. In three addi-
tional patients with acute lung injury (age 61±15 yrs, FI,O2
0.47±0.12), the effects of PEEP (0, 6 and 12 cmH2O) us-
ing the 1L-MB on Pa,CO2 and Vc were examined.

Assessment of mixed expired gas sampling

A further six patients (age 57±6 yrs, FI,O2 0.40±0.12)
with respiratory failure requiring volume-controlled mech-
anical ventilation (three had chronic airflow limitation, one
had thoracic trauma, one had acute lung injury and one had
a drug overdose) were studied using two different levels of
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Fig. 1.  –  Schematic representation of the newly designed 1-L mixing
box, a hollow stainless-steel cylinder heated throughout its length using
an electrical resistance, with 10 discs placed transversely to baffle the
flow of gas through the cylinder, facilitating the gas mixing. The mixed
expired gas samples are obtained at the outlet through a collateral con-
nection.
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Fig. 2.  –  Schematic representation of the circuit used to assess the
effect of the 1-L and 10-L mixing boxes on the compression volume. A
1-L bag was used as a surrogate lung. Two pneumotachometers, placed
close to the inspiratory port of the ventilator and between the surrogate
lung and the Y-piece of the ventilator, were used to measure tidal vol-
ume (VT) provided by the ventilator and effective VT, respectively.
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effective VT, 400 and 800 mL, obtained by changing the
respiratory rate to keep the effective minute ventilation
unchanged. This protocol compared the mixed expired par-
tial pressures of the six inert gases of the MIGET simulta-
neously collected from the 10L-MB and the 1L-MB. The
two mixing boxes were placed in series in the expiratory
limb of the ventilator circuit with the 1L-MB proximal and
the 10L-MB distal to the patient. The two ventilatory set-
tings (VT 400 and 800 mL) were applied to each patient in
a random order. Patients were also sedated and paralysed
during this protocol. No PEEP was applied.

The MIGET is based on the simultaneous elimination
of trace concentrations of six inert gases (sulphur hexaflu-
oride (SF6), ethane, cyclopropane, halothane, ether and ace-
tone) infused, in a saline solution, into a peripheral vein of
the forearm [1–5]. The general features of the setup of the
MIGET in the authors' laboratory have been reported else-
where [6, 7]. In brief, after approximately 45 min of infu-
sion of the solution of the six inert gases at a rate of 3
mL·min-1, arterial blood (8 mL) and mixed expired gas sam-
ples from each of the two mixing boxes were simultane-
ously obtained in duplicate after steady-state conditions
were ensured. The arterial blood and each set of mixed
expired gas measurements (1L-MB and 10L-MB) were
treated separately to obtain the corresponding V 'A/Q ' dis-
tributions, with the average of duplicate measurements used
in the analysis. The same value for cardiac output was as-
sumed for the calculation of the V 'A/Q ' distributions.

Safety procedures

The electrocardiogram and systemic blood pressure were
monitored continuously (System Sirecust 404 and 455-1;
Siemens Aktiengesellschaft, Erlangen, Germany). Arte-
rial O2 saturation was monitored during the study by pulse
oximetry (504 Pulse Oximeter; Criticare Systems, Wauke-
sha, WI, USA) and maintained >96%. The end-inspiratory
plateau pressure with the higher tidal volume (VT 800 mL)
remained <30 cmH2O. The study protocol was approved by
the Ethical Research Committee of the Hospital Clinic.
Informed consent was given by all the patients participat-
ing in the study, or by their next of kin.

Data analysis

Results are expressed as mean±SD. Plots of Vc versus
Ppeak were used to represent the mechanical behaviour of
the two mixing boxes. The volume–pressure relationships
were subsequently explored by standard regression analy-
sis. Concordance between pairs of mixed expired partial
pressures obtained from the two mixing boxes was as-
sessed for the six inert gases by calculating the intraclass
correlation coefficient based on the one-way random ef-
fects model analysis of variance (ANOVA) [13]. The cor-
relation coefficient obtained is only equal to 1 when all the
pairs of values fall on a straight line through the origin
with slope unity. In addition, the Student's paired t-test was
used to determine whether differences between those pairs
deviated significantly from zero. Values of mean (first mo-
ment) and standard deviation (second moment) of both ven-
tilation and perfusion distributions (V 'A/Q ') recovered from
each mixing box were also compared. Statistical signifi-
cance was set at ð0.05.

Results

Assessment of the compression volume

Figure 3 shows the relationships between Ppeak and the
corresponding values of Vc showed by the 1L-MB and the
10L-MB. In both conditions, Vc was linearly related to
Ppeak (r=0.99 in both cases). The relationships between Ppeak
(cmH2O) and Vc (mL) were defined by Vc=7.4 mL·cmH2O·
Ppeak-1 and Vc=1.4 mL·cmH2O·Ppeak-1 in the 10L-MB and
the 1L-MB, respectively.
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Fig. 3.  –  Relationship between peak airway pressures (Ppeak) applied
by the ventilator and the compression volume (Vc) for both the 1-L mix-
ing box (1L-MB; ❏) and the 10-L mixing box (10L-MB; ý). Regression
lines fitting data points obtained with the surrogate (1L-MB;        ; 10L-
MB,         ) are shown. Results obtained using the 1L-MB in five mech-
anically ventilated patients are also plotted (❍) and a single patient (●)
at two levels of tidal volume (400 and 800 mL).
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Fig. 4.  –  Effects of positive end-expiratory pressure (PEEP) on com-
pression volume (Vc) and arterial carbon dioxide tension (Pa,CO2) using
the 1-L mixing box. Results are expressed as mean±SEM of the differ-
ences in Vc (●) and in Pa,CO2 (❏) at two levels of PEEP (6 and 12
cmH2O), compared with baseline (0 cmH2O). (1 mmHg=0.133 kPa.)
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Effects of the 1-L mixing box on arterial blood gases

The Vc developed by the 1L-MB in the six patients fell
on the regression line obtained with the surrogate lung
(fig. 3). The effect of the 1L-MB on arterial blood gases
was modest, accounting for a mild, clinically irrelevant in-
crease in Pa,CO2 (from 37.4±7.6 to 39.7±7.7 mmHg) (p<
0.005), with no changes in arterial blood pH (7.45±0.07 to
7.44±0.07) or the Pa,O2/FI,O2 ratio (from 337±55 to 338±
78). No induced PEEP was observed when the 1L-MB
was placed in the ventilator circuit. Moreover, the use of
different levels of PEEP (0, 6 and 12 cmH2O) did not show
any substantial effects on either Vc or Pa,CO2, (fig. 4).

Assessment of the mixed expired gas sampling

Figure 5 indicates that similar values of mixed expired
partial pressures of the six inert gases were obtained from

the two mixing boxes, irrespective of the inert gas or the
value of VT. The concordance in gas mixing between the
two boxes is also demonstrated by the high intraclass cor-
relation coefficients, ranging 0.96–0.99 for the six inert
gases. Mean differences between these pairs of values
were not significantly different from zero. Accordingly,
no differences in the first and second moments of the
recovered V 'A/Q ' distributions were observed between the
two mixing boxes.

Discussion

The main findings of this study were that a large in-
crease in Vc was provoked by the 10L-MB, but was not
present with the newly designed 1L-MB, and that the 1L-
MB showed similar efficacy to the 10L-MB on expired
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Fig. 5.  –   Identity plots of expired partial pressures of the six inert gases used in the multiple inert gas elimination technique, sampled simultaneously
from the 10-L mixing box (10L-MB) and from the 1-L mixing box (1L-MB) in mechanically ventilated patients. a) Sulphur hexafluoride; b) ethane; c)
cyclopropane; d) halothane; e) ether; f) acetone. Measurements were performed at two levels of tidal volume: 400 mL (❍) and 800 mL (●). Partial
pressures of inert gases are dimensionless.
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gas mixing. The present study validates the 1L-MB as an
appropriate tool to explore the effects of different vent-
ilatory modalities on pulmonary gas exchange (V 'A/Q '
distributions), overcoming the previous drawbacks of the
MIGET application in this field.

The first conclusion was not unexpected, owing to the
major differences in internal volume between the two
boxes. In consequence, at all levels of Ppeak imposed by
the ventilator, Vc was almost six-times higher with the 10L-
MB than with the 1L-MB (p<0.0001). This is clearly shown
in figure 3, where at a Ppeak of 10 cmH2O, the Vc was 76
mL (10L-MB) and 12 mL (1L-MB), and at a Ppeak of 50
cmH2O, Vc increased to 377 mL and 67 mL, respectively.
It is of note that the values of Vc reported here only repre-
sent those produced by the mixing boxes. To obtain the
total Vc of a particular ventilator tubing system, the com-
pression volume of the tubing would need to be added to
the reported values. In view of these findings, it seems
clear that the use of the 10L-MB during mechanical venti-
lation can lead to significant overestimation of VT, with
the magnitude related to the pressure applied by the venti-
lator. The effect of the 10L-MB on Vc could be particu-
larly troublesome whenever the mechanical characteristics
of the system change over time, as may be the case when
different modes of mechanical ventilation are applied. Then,
VT can change in an uncontrolled manner, possibly induc-
ing alveolar hypoventilation, provoking a clinical as well
as a research problem, unless the effective VT delivered to
the patient is controlled as in the present study or no att-
empts are made to match for VT [6, 7].

In the present study, the 10L-MB was used as a refer-
ence only because it is the older and more common way of
obtaining mixed expired samples in the MIGET during
spontaneous breathing. Two alternative methods to pre-
vent Vc-related problems can be used in mechanical vent-
ilation. Firstly, placing the mixing box after the expiratory
valve, at the ventilator gas outlet, would be an adequate
solution to prevent Vc secondary to the mixing box, but the
potential loss of soluble gases such as acetone and ether
throughout the ventilator circuit could be a source of me-
thodological errors unless a specific ventilator designed to
avoid these problems by heating all of the circuit is availa-
ble. Although BEYDON et al. [10] did not find any major
problems in placing the mixing box after the expiratory
valve, potential errors with this approach are always ven-
tilator specific. Secondly, the use of a pneumatic valve as
a Y-piece close to the patient's trachea, separating the in-
spiratory and the expiratory circuit, is a potentially ade-
quate method for obtaining noncontaminated expired gas,
but it did not prove practical in the present study, since
there was major interference with the ventilator.

The reduction in size of the 1L-MB to limit Vc did not
affect the accuracy of mixed expired gas sampling in the
MIGET. This accuracy was reflected by the close agree-
ment in the expired partial pressures of the six inert gases
between the 1L-MB and the 10L-MB. Moreover, the po-
tential of the 1L-MB to increase functional residual capac-
ity and PEEP is negligible owing to the low expiratory
resistance (0.31 cmH2O·L-1·s-1 at a flow of 1 L·min-1) gen-
erated by the box, which is similar to that generated by the
10L-MB, as observed in the present study. In addition, no
intrinsic PEEP associated with any of the mixing boxes
was shown.

In summary, this study demonstrates that mixed expired
gas sampling in mechanically ventilated patients can be con-
ducted using a mixing box of considerably smaller size (1
L) than the 10-L mixing box. The newly designed 1-L
mixing box not only proved to be as efficient as the 10-L
mixing box but also substantially decreased the compres-
sion volume. Moreover, it can be used independently of
the type of ventilator. Accordingly, the 1-L mixing box pro-
posed in this study is recommended to assess adequately
the effects of mechanical ventilation on gas exchange, es-
pecially when different ventilatory conditions are studied
[14, 15].
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