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ABSTRACT: Measurement of lung volumes at end expiratory level and assessment of
ventilation inhomogeneity is important for respiratory management in infants with
lung disease.
This study compared multiple breath nitrogen washout was compared with body
plethysmography to measure functional residual capacity in infants and assessed ventilation inhomogeneity using mean dilution numbers and alveolar based gas dilution
numbers. Measurements were performed in 23 infants with lung disorders, eleven had
wheezing bronchitis, four bronchopulmonary disease, and eight cystic fibrosis. Mean
age was 11.25.8 months.
Functional residual capacity of nitrogen washout (29.811.4 mL.kg-1) was significantly (p<0.05) lower than the plethysmographically measured functional residual
capacity (40.311.4 mL.kg-1). Tidal volumes before nitrogen washout (90.435.1 mL)
were significantly larger than at the end of the washout (72.226.9 mL). Alveolar
based gas dilution numbers (6.72.3) were significantly lower (p<0.001) than mean
dilution numbers (105.7).
Functional residual capacity determination by nitrogen washout and plethysmography in infants with lung disease showed evidence of air trapping and ventilation
inhomogeneity. Ventilation inhomogeneities are best described by alveolar based dilution numbers, since rebreathing of 100% oxygen changes ventilation pattern.
Eur Respir J 2000; 15: 1094±1101.

Infant lung function testing for diagnosis and monitoring of therapy has become more and more important in infants suffering from early lung disease. In this age group,
lung function measurements are difficult because of the
subject's inability to cooperate. Attempts have been made
to assess airway function by various techniques [1], but
airway function should be evaluated in close relationship
to the corresponding lung volume, the end-expiratory
resting level. Apart from radiological assessment [2], two
techniques have been proposed to measure lung volume at
end-expiration (FRC): these techniques are infant wholebody plethysmography and gas dilution. Both approaches
have advantages and disadvantages, which have to be
considered in the interpretation of data. Plethysmographic
measurement of FRCpleth, assumes that the pressures
within all alveoli that communicate with the airway opening are homogeneous, and measures the volume of all gas
within the thorax whether it communicates with the airway opening or not. Therefore, it measures trapped gas in
the lung as well as gas within the gastrointestinal tract.
Gas dilution techniques measure only the volume of gas
that communicates with the airway opening. Both FRC
measurements are not correct in the diseased lung which
results in discrepancies in lung volume measurements [3±
6]. This is particularly the case in the presence of ventilation inhomogeneity [7].
The multiple-breath nitrogen washout (MBNW) technique and its moment ratio analysis (MRA) using mean
dilution numbers (MDN) have been successfully used in
older children and adults to measure ventilation inhomo-
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geneity as well as lung volume [7±13]. However, HABIB
and LUTCHEN [14] demonstrated that the MDN is not
independent of the breathing pattern. They introduced an
alternative moment analysis approach, the alveolar-based
gas dilution number (AMDN). The AMDN removes all
sensitivity to volume ratios (anatomical dead space (VD)
to FRC) for homogeneous systems and, hence, should
reflect gas-mixing inhomogeneity at the alveolar level
more directly. In infants there is a decrease in the measured tidal volumes (VT) during MBNW resulting in an
lower VT/FRC-ratio at the end of the washout than before
it. The findings of HABIB and LUTCHEN [14] suggest that
the standard MDN must be inaccurate in the presence of
such changes of the breathing pattern. In order to investigate the effect of changes in the breathing pattern during
MBNW, the MBNW technique normally used in adults
was adapted to the requirements of infants with lung disease (low equipment dead space). Accuracy and reproducibility of the MBNW technique was tested in mechanical
lung model. The aim of the study therefore was to compare MDN with AMDN in infants.
Materials and methods
Study design
In part A the technical aspects of the MBNW were validated using on a mechanical model with volumes similar
to end tidal lung volumes in infants of this age range. In
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part B the variability of MBNW measurements and the
MDN as well as the AMDN were assessed in a group of infants with lung disease (the clinical target group), in which
parallel inhomogeneities are most likely to be found. Lung
volumes (FRCN2) measured by the MBNW technique
were compared to those obtained by infant whole-body
plethysmography (FRCpleth).
Subjects
MBNW measurements and infant whole-body plethysmography were performed in a total of 23 (18 males and 5
females) infants with lung disorders. Eleven had wheezy
bronchitis, four chronic lung disease due to bronchopulmonary disease (BPD) and eight infants had cystic fibrosis.
Mean age was 11.25.8 month (range: 3±21 months). All
measurements were performed 15±20 min after a feed, and
under sedation with chloral hydrate (80±100 mg.kg-1). The
study was approved by the ethic committee of the medical
faculty and parental informed consent was obtained before
the measurements. Ethical consent was not accorded by the
ethical committee to perform measurements on healthy
sedated infants because the technical aspects of this new
measuring device have not yet been established.
Multiple-breath nitrogen washout measurement device
The MBNW measurement device was designed by the
Dept of Paediatrics, University of Bern, and Gambro AG,
HuÈnenberg, Switzerland). The setup of the system (fig. 1)
consists of a face mask, a pneumotachograph (H. Rudolph, 8311 Series, 0-10 LPM; Gambro AG), a nitrogen
analyser (SensorMedics 2600; Gambro AG) and a valveless oxygen/air supply. The gas sampling rate of the N2
analyser was set to 3 mL.min-1. The gas sampling rate
was maintained using a stable vacuum in the emission
chamber in the analyser head. The linearity of the N2
analyser was tested using six different gas mixtures with
oxygen/nitrogen ratios between 21:79 and 100:0. Total
instrumental VD was found to be 4±8 mL using a water
displacement technique. This minimal VD enabled com-
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Fig. 1. ± Configuration of the multiple-breath nitrogen washout equipment. A/D: analogue/digital; t: time.
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plete washout of the head device at each breath even in
small babies. The delay time between flow and nitrogen
signals was adjusted for each measurement as explained
below. Prior to the washout the measurement device was
flushed with room air at a bypass flow of 8±10 L.min.
Washout was triggered at the beginning of expiration by
switching the bypass flow from room air to 100% oxygen. The washout was stopped when end expiratory nitrogen concentration fell <2%. The analogue signals from
the flow transducer and N2 analyser were analogue/digital
(A/D) converted (AT-MID-16, National Instruments1,
Austin, USA) with 16-bit resolution and 200 Hz sampling
frequency per channel before computation (IBM compatible 486 PC). Relays to the electromagnetic valves of the
air and oxygen supply were controlled via the in/out port
of the A/D-board with the help of a software code written
in LabView 4.01 (National Instruments1). The N2 washout curve and the airflow were graphically displayed on
the screen during washout. Data were then analysed offline. The lag time between the airflow and N2 signal was
measured separately for each patient, allowing individual
adjustment as proposed by BRUNNER et al. [15]. Flow was
corrected for viscosity changes due to variation in the O2/
N2 ratio and water vapour in the expired gas [10, 11] as
well as for the varying temperature during inspiration
(228C) and expiration (348C). To calculate the cumulative
expired volume of nitrogen, the corrected flow and nitrogen concentration signals were multiplied point by point
with each other, and consecutively integrated breath by
breath separately for inspiration and expiration.
Whole-body plethysmography
In all infants FRCpleth was determined using a variable
pressure type infant whole-body plethysmograph (Jaeger,
WuÈrzburg, Germany), applying a method that has previously been described [16±18]. The infant was placed in
supine position inside the whole-body plethysmograph. A
mask, sealed around the nose and mouth to ensure an airtight fit, was carefully manipulated into place for the
measurements. After the body-box had been closed the
infant breathed air from the box through a triple-valve
system until thermal equilibrium had been reached between the infant and the box. A differential pressure transducer was used to detect changes in box pressure (DPb)
relative to a compensating chamber of similar volume.
The infant was then switched to the body temperature,
pressure saturated (BTPS)-bag from which air at 36.58C
and 100% relative humidity was rebreathed. The phase
relationship between flow, measured by a baby-size pneumotachograph (Jaeger), and DPb was checked by displaying both signals on an oscilloscope until a stable almost
closed pressure-flow loop was obtained. Changes in mouth pressure (DPm) were obtained after the shutter was
closed to occlude the airway while the infant made 2±3
respiratory efforts.
Mechanical model. Validation of volume measurement
with nitrogen washout technique was investigated with a
mechanical lung model to determine the accuracy and reproducibility of the technique. The lung model had a single
compartment made of copper with breathing cycles (30
cycles.min-1) performed by a sinusoidal pump. Defined
volumes (15, 35, 45, 60, 90, 120, 140, 170, 290, 340, 490
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and 670 mL) were washed out with the same equipment as
for the human subjects. The software had to be adapted,
since there was neither humidification of the air, nor change
in temperature in the lung model. The measurements were
repeated five times for each volume.
Measurements in infants. After the plethysmographic measurements having at least five end-inspiratory occlusions of
2±3 respiratory efforts for the determination of FRCpleth the
MBNW was performed through a face mask during quiet
sedated sleep in the supine position. An airtight seal was
achieved by placing a rim of therapeutic silicone putty
between the infant's face and the mask. The patients were
monitored during the investigation with transcutaneous
oxygen saturation. Great care was taken to not change the
patient's position and to obtain at least five sets of MBNW
measurements. The time of a complete measurement did
not exceed 45 min. During FRCpleth and FRCN2 measurements the subjects were in quiet sleep.
Data analysis
The equations for computation of the MDN and AMDN
obtained from the MBNW curve are given in the appendix.
Briefly, the lung clearance index (LCI), MDN1 and MDN2
as previously described [9, 10, 19]. As standard abbreviation, MDN1 refers to the ratio between the first and the
zeroth moment (m1/m0) and MDN2 refers to the ratio between the second and the zeroth moment (m2/m0). Quantitatively, the moments can be understood as follows: m0 is
simply the area under washout curve using the dilution
number (cumulative expired volume (CEV) divided by
FRC) as x-axis while m1, m2 and higher moments are
weighted values of area segments under the washout curve.
The tail regions of the curve are given more weight for
successively higher moments as indicated by the exponent
r in the formula (Equation AS). The higher the value of
MDN1 and MDN2 the more ventilation inhomogeneities
are present. AMDN1 and AMDN2 are obtained by continuously correcting the measured moment ratios for the
patient's dead space. HABIB and LUTCHEN [14] in their
study used the dead spacecorrected moment ratio between
m1/m0 for assessing alveolar-based gas dilution number
(AMDN1). Additionally the AMDN2 (VD corrected ratio
m2/m0) was calculated. The FRC is obtained by dividing
this calculated volume by the patient's baseline end-tidal
nitrogen concentration (meanSD, 792.0%) of the last
tidal breath before the washout. Because minimizing of
dead space is limited by the size of the face mask and by
the size of the pneumotachograph, rebreathing of expired
nitrogen can never be prevented. Therefore the volume of
inspired nitrogen is subtracted from the expired nitrogen
volume during the washout. The FRC is obtained by div-

iding this calculated volume by the patient's baseline endtidal nitrogen concentration (792.0) of the last tidal breath before the washout. FRCpleth was measured from the
angle of the Pb/Pm-plot and corrected for instrument VD
(30 mL). Data were considered to be satisfactory when
there was no evidence of a leak and the changes in plethysmograph pressure and pressure at the airway opening
were in phase with no artefacts, ensuring BPTS conditions.
Statistics
For each parameter and set of measurements the means,
standard deviations (SD) and coefficients of variation (CV)
were calculated. In addition, intrasubject variability using
the mean of relative differences (MRD):
Z0 ÿ Z1
1
MRD 
0:5 Z0 zZ1 
where Z0 and Z1 are the values of any index Z of the
washout, was computed [9]. Differences between volume
measurements in the lung model and the parameters of
standard MDN and AMDN were assessed by using a
paired t-test. A p-value <0.05 was considered as significant. Comparison between FRCpleth and FRCN2 was assessed using the method described by ALTMAN and BLAND
[20].
Results
Mechanical model
Accuracy and variability of the MBNW was assessed in
vitro using a mechanical model. The average CV for all
volumes was 2.5%. The mean difference between known
and measured volumes using the nitrogen washout technique was 2.3 mL (NS) and represented a mean percentage
error of 1.95% (range -9.8±10.7%). No differences were
found between standard MDN1 (1.80.2) and AMDN1
(1.90.4) nor between the standard MDN2 (5.11.3) and
the AMDN2 (5.02.5).
Measurement in infants
The mean washout time for the 23 infants was 34 s (16±
56 s). Washout times for repeated measurements were always within 6 s of each other, in each infant. Table 1 shows
the results for FRCN2.kg-1 and FRCpleth.kg-1 of all 23 infants. Measurements of FRCN2.kg-1 showed significantly
less intrasubject variability (lower MRD and CV) than
FRCpleth.kg-1 (p<0.05). The correlation between FRCN2.
kg-1 and FRCpleth.kg-1 can be seen in figure 2. The

Table 1. ± Biometric data, functional residual capacities (FRC) and tidal volume (VT) of 23 investigated infants
Weight
FRCN2.kg-1
MRD
CV
FRCpleth.kg-1
MRD
CV
VT(0)
VT(n)
kg
mL
%
mL
%
mL
mL
Mean
SD

5.9
1.7

29.7
11.4

0.09
0.04

8.2
3.8

40.2
11.3

0.36*
0.38

12.7
9.5

90.4
35.1

72.1***
26.9

MRD: mean of relative differences; FRCN2: FRC determined using nitrogen washout; FRCpleth: FRC determined using plethysmography; CV: coefficient of variance; VT(0): VT prior to washout; VT(n): VT at the end of measurement; *: p<0.05 versus FRCN2.kg-1;
***: p<0.001 versus VT(0).

MRA AND MBNW IN INFANTS

normal tidal breathing the moment analysis of the MBNW
curve was introduced by SAIDEL et al. [9]. Subsequent
studies showed that the MDN is not independent of VD or
VT/FRC ratio [14, 21, 22]. In the present study it was
demonstrated that 100% oxygen rebreathing changes the
breathing pattern and ventilation distribution significantly
during MBNW and makes correct interpretation of FRC
values difficult.

60

FRCN2 mL·kg-1

50
40
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20

Technical aspects of data acquisition

10
0
0

10

20

30

50

40

60

FRCpleth mL·kg-1
Fig. 2. ± Correlation between whole-body plethysmography functional
residual capacity (FRCpleth.kg-1) and nitrogen washout (FRCN2.kg-1) in
all 23 measured infants (r=0.48), p<0.001.

ALTMANN and BLAND [20] plot in figure 3 shows poor
agreement between the two techniques. VT decreased in
all investigated infants significantly from 90.435.1 mL
prior to the washout to 72.227.0 mL at the end of the
washout (table 1). Table 2 shows the standard MDN1 and
MDN2 as well as AMDN1 and AMDN2. No statistical
difference could be found between the MDN1 and AMDN1 whereas MDN2 showed significantly higher values
than AMDN2 (p<0.001). The relationship between MDN
and AMDN is displayed in figure 4. The intrasubject CV
of the AMDN1 and AMDN2 was significantly lower than
that of MDN1 and MDN2 (p=0.008 for MDN1 and AMDN1, and p=0.002 for MDN2 and AMDN2). Mean LCI
was 5.61.9 and intrasubject CV was 11.16.7 (table 2).
Discussion
MBNW is a highly attractive clinical procedure because
it is minimally invasive and requires minimal subject cooperation. To assess ventilation inhomogeneity during
30
FRCpleth - FRCN2 mL·kg-1
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Fig. 3. ± Plot of the difference between functional residual capacity
(FRC) measurements by the two techniques (plethysmography: pleth;
N2 washout: N2) against the mean of the two in all 23 measured infants.

The equipment presented in this study is based on an
open washout technique. The volume measurement in a
mechanical lung model were highly reproducible (CV=
2.5%) provided the following technical procedures are
followed: the flow and nitrogen signals should be measured point by point during the whole washout and displayed on the computer screen in real time in order to
detect air leakage (fig. 5). The nitrogen concentration must
fall to zero at the end of each inspiration to prove that pure
oxygen is being inhaled during each breath. The accuracy
and reproducibility of the MBNW measurements in this
study show comparable results to other studies using the
open nitrogen washout technique proposed by GERHARDT
et al. [24, 25].
Lung volume measurement in infants
Measurement of lung volume at end-expiration with the
MBNW technique (FRCN2) in 23 infants suffering from
severe lung disease showed poor, but still significant, correlation to whole-body plethysmography (FRCpleth). Reproducibility of lung volume measurement is higher using
MBNW technique (table 1). The discrepancy between
MBNW and plethysmography in FRC measurement in infants with lung disease is similar to that found in previous
studies [1, 25, 26]. A common explanation for higher
lung volumes at end-expiration measured with plethysmography is that locally applied pressures over closed
noncommunicating areas of trapped gas might be greater
than the pressure at the mouth, causing overestimation of
FRCpleth [27, 28]. As infants tend to breathe at relatively
lower lung volumes than adults [4], resulting in an increased likelihood of small airway closure, this phenomenon could be particularly relevant in this age group,
possibly explaining the findings of GAPPA et al. [26] that
in healthy infants there is a discrepancy between FRCpleth
and FRCN2. BEARDSMORE et al. [29] proposed a possible
explanation for the higher measured FRCpleth in that
airway closure and uneven distribution of pleural pressure
are combined. GODFREY and coworkers [30, 31] suggested
that uneven alveolar pressure changes within the chest
may lead to exclusion of a part of the lung volume, or that
poorly compliant alveolar units may change little in volume during respiratory efforts against an occlusion. Direct comparison of FRCpleth and FRCN2 remains difficult
and the presence of changes in breathing pattern and of
ventilation inhomogeneities makes the interpretation of
the above-described discrepancy even more controversial. It is hypothesized that only a gas washout technique,
which does not affect the breathing pattern of the investigated child, and its moment analysis will allow an interpretation of the difference between FRCpleth and FRCN2.
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Table 2. ± Standard moment ratios (MDN1 and MDN2), moment ratios derived from alveolar based dilution numbers
(AMDN1 and AMDN2) and lung clearance (LCI) index of 23 infants
AMDN1

MRD

CV

AMDN2

MRD

CV

MDN1

MRD

CV

MDN2

MRD

CV

LCI

MRD

CV

2.2
0.4

0.1
0.1

9.6
7.1

6.6
2.4

0.2#
0.1

19.4
15.0

2.3+
0.6

0.2
0.2

13.4
6.3

10.0*
5.7

0.41
0.2

27.2
11.7

5.6
1.9

0.1
0.1

11.1
6.7

Mean
SD
+

: p=0.12 versus AMDN1; *: p<0.05 versus AMDN2; #: p=0.008 versus AMDN1 MRD; 1: p=0.002 versus MDN1

Changes in breathing pattern during MBNW
It was demonstrated that all of the 23 infants decreased
their VT significantly during MBNW (from 90.435.1 mL
to 72.226.9 mL). To eliminate an error caused by the
measurement technique the breathing pattern prior to the
washout was observed. The infants showed no change of
VT while breathing through the face mask inspiring room
air. Why should breathing 100% oxygen affect VT? It has
been postulated that lung volume may be lower by breathing high concentrations of oxygen [32]. High FiO2
causes absorption atelectasis and therefore reduces VT.
Also peripheral chemoreceptors will respond to increased
arterial oxygenation to some extent, reducing the breath
a)

5

MDN1

4
3
2
1
0
1

1.5

2

2.5

3

3.5

AMDN1
b)

35
30

rate and minute volume. Measurements in this study showed that there is a significant change in the VT/FRC ratio.
This is reflected by significantly higher values for MDN2
than AMDN2. Because we have observed a decrease in
the measured VT during the washout procedure in infants,
resulting in an lower VT/FRC-ratio at the end of the washout than prior to the measurement, it seems to us mandatory to apply the alveolar-based correction of MDN to
AMDN as proposed by HABIB and LUTCHEN [14].
Multiple-breath nitrogen washout analysis
The 23 investigated infants showed significantly lower
values of MDN2 than of AMDN2. The results of the MDN
calculation are therefore biased by the change in breathing
pattern, which followed pure O2 breathing. While standard
MDN1 and AMDN1 reflect more the first part of the
washout curve, MDN2 and AMDN2 describe the tail of the
washout curve. The difference between MDN2 and AMDN2 is more pronounced because the decrease in VT occurs
during the second half of the washout. A possible explanation for this phenomenon has been given by EDELMANN et
al. [21] who showed that LCI and moment ratio increased
by high VD/Vt or by a low VT/FRC ratio. LARSSON et al.
[33] related the sensitivity of several MBNW indices
including MDN to the breathing pattern of healthy ventilated subjects. It must be assumed that these effects are
guise important in children, especially in infants, since the
breathing pattern of children is largely dependent on age
and disease severity. According to the finding of HABIB
and LUTCHEN [14], that standard MDN analysis is biased
by low VT/FRC ratios, the higher MDN2 numbers can be

90
75

25
MDN2

MRD.

20

50

15

25

10

0

5

-25

0
0

5

10

15

AMDN2
Fig. 4. ± Plot of the first mean dilution number (MDN1) versus first
alveolar based dilution number (AMDN1) on the left hand side and
second mean dilution number (MDN2) versus second (AMDN2) on the
right hand side. There is poor correlation between both techniques since
the measured data should be close to the line of identity (±±±).

-50
-60
Time s
Fig. 5. ± The complete washout trace of an infant is displayed versus
time in s. The bold line indicates the nitrogen concentration (%) and the
thin line the flow signal mL.s-1.
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explained mathematically by the reduction of the VT/FRC
ratio during the washout, whereas AMDN2 is not affected
by the altered breathing pattern. High measured values of
MDN1 and MDN2 resulting from severe ventilation inhomogeneity cannot he distinguished from high values
obtained because of the presence of VT/FRC changes
during nitrogen washout. Therefore, MDN1 and MDN2
are inappropriate to describe ventilation inhomogeneity in
infants with lung disease. Comparison of AMDN obtained in healthy adults to AMDN found in our infants with
severe lung disease shows, that there is evidence of ventilation inhomogeneity (table 3).

35

MDN1 and AMDN1

30
25
20
15
10
5

Comparison of the moment analysis in literature

0

Previous reported moment analysis of MBNW in healthy children and infants show large variations as seen in
table 3 [13, 14, 23, 34]. MDN1 and MDN2 of healthy
preterm infants were first reported by SHAO et al. [23] and
as expected are lower than the values measured in the 23
infants with lung disease. The intrasubject variability in
all reported studies is higher for MDN2 than MDN1. In accordance with the data presented by HABIB and LUTCHEN
[14] AMDN1 and AMDN2 are lower in the present study
than MDN1 and MDN2. AMDN2 values in our patients
were much lower than MDN2 values of the healthy preterm infants, indicating again that changes in breathing
pattern bias the moment ratio of the MBNW unless AMDN is used (fig. 6).

0

1

2

3

5

4

MDN2 and ADMN2
Fig. 6. ± Plot of the first man dilution number (MDN1) versus the second mean dilution number (MDN2) of the 23 children with lung disease
(s) in comparison to the MDN1 and MDN2 (*) obtained in the study of
SHAO et al. [23]. The plot of first and second alveolar based dilution
number (AMDN1 and AMDN2) in the children with lung disease (m)
show less scattering of data, indicating less bias by breathing pattern of
the investigated subjects.

Appendix
Standard mean dilution number (MDN)
The envelope of the washout curve, i.e. the dimensionless N2 concentration as a function of the dilution number
Z, is the distribution to be analyzed. The dilution number
(Z) is defined as:
Z  CEV=FRC
A1

Conclusion
A discrepancy was found between volumes measured
by plethysmography and nitrogen washout similar to that
observed by previous authors. This may be explained by
the presence of ventilation inhomogeneity in infants with
severe lung disease. Furthermore, in the present study, it
was observed, that pure oxygen rebreathing during the
nitrogen washout changes the breathing pattern of the
sedated infants. Since moment ratio analysis using meandilution numbers is dependent on the tidal volume/functional residual capacity ratio, accurate interpretation of
these results in the present study is difficult and therefore
the use of alveolar based gas dilution numbers instead may
be advisable. Since the decrease of tidal volume during
washout with 100% oxygen was significant, 100% oxygen
rebreathing is not suitable for measuring lung volumes in
infants and we suggest that in future studies oxygen as a
washout gas should be abandoned and be replaced by a gas
mixture which has less effect on the breathing pattern of
the investigated infant.

where CEV is the cumulative expired volume and FRC is
the forced residual capacity. This independent variable was
taken suitably scaled to minimize the effects of different
breathing patterns, respiratory frequency, variations in lung
volume and hence in lung size. Then the rth moment, mr,
becomes:
k

Zr X ZdZ

mr 

A2

i0

where X(Z) = FN2(k)/FN2(0) and is the normalized endtidal N2 concentration for each interval number running
from i=0 to k. FN2(0) = initial N2 concentration; FN2(k) N2
concentration at interval number k. Quantitatively, the moments can be understood as follows: m0 is simply the area
under the washout curve. The tail regions of the curve are

Table 3. ± Comparison of moment ratios reported in the literature for healthy subjects and patients with lung disease
Subjects

No

MDN1

CV

MDN2

CV

Healthy children
Healthy children
Healthy preterm infants
Healthy adults
Asthmatic children
Asthmatic adults
Infants with lung disease

17
36
20
7
28
10
23

2.20.3
2.30.19
2.2
1.90.09
2.80.9
2.20.1
2.30.6

10
8
8

8.02.4
9.31.2
8.71.2

17
13
14

9

15.712.3

17

13

10.05.7

27

AMDN1

CV

AMDN2

CV

Author

[Ref]

19

KRAEMER
WALL et al
SHAO et al
HABIB &LUTCHEN
KRAEMER
HABIB &LUTCHEN
present study

[13]
[34]
[23]
[14]
[13]
[14]

1.40.04
1.80.21
2.20.36

10

6.52.36
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given more weight for successively higher moments, as
indicated by the exponent r in the formula (Equation AS).
The ratio between the first and the zeroth moment (MDN1)
or the second and the zeroth moment (MDN2) of the
MBNW curve has been demonstrated to be a good index
for ventilation inhomogeneity [9±13].

7.

8.
9.

Alveolar gas dilution number
HABIB and LUTCHEN [14] suggested an alternative moment analysis that removes sensitivity to VT/FRC and VD/
FRC. First the washout is expressed in terms of a dilution
number relative to cumulative expired alveolar volume
(CEAV):
n

A3

k0

where VT(k) and VD(k) are the tidal and dead space volumes on breath k. The alveolar dilution number is:
Za k  CEAV k=FRC
A4
so that
Zar kXET kZa kz1ÿZa k

mr 

11.
12.

VT k ÿ VD k

CEAV k 

10.

A5

13.
14.
15.

k0

To implement equation A3 through A5, it is proposed that
VD(k) be the Bohr dead space evaluated at each breath (k)
according to the following relationship:
VD k  VT  XET k ÿ XME k=
XET ÿ XIN 

16.
17.

A6
18.

where XME(k) represents the mean expired N2 fraction
during breath k, XIN denotes the inspired N2 fraction
found in the O2 mixture (usually zero) and XET is the N2
concentration at end-expiration. This ensures that the analysis is based on the functional ventilated alveolar volume. AMDN1 is the ratio m1/m0 using formula A5, and
AMDN2 is the ratio m2/m0.

20.
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